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THEORY AND USE 


OF 


ASTRONOMICAL INSTRUMENTS. 


CHAPTER I. 
THE TELESCOPE. 


1. THE complete theory of the telescope considered simply as 
an optical instrument is too extensive a subject to be condensed 
into a chapter of the present work: it must be sought for in the 
larger works on optics.* I shall, therefore, confine myself to 
such points as appear to be immediately needed by the observer 

‘for the intelligent use of his instruments. The following expla- 
nations, at once elementary and practical, some of which are 
not to be found in optical works, are chiefly derived from 
SAWITSCH.T 


2. The simple astronomical telescope-—The astronomical telescope, 
m its simplest form, consists of two bi-convex lenses; the larger, 


A Fig. 1. 


Ss 
/ g k 
8 F 


gy! %f 
S 


B 
AB (Fig. 1), which is turned towards the object, is called the 


* See Herscuer’s Treatise on Light; Precurnn’s Practische Dioptrik; Biot’s As- 
tronomie Physique, Vols. I. and II.; Porgrer’s Optics; Coppin@ron’s Optics; Luoyn’s 
Treatise on Light and Vision; Lirrrow’s Analytische Dioptrik; Prarson’s Practical 
Astronomy. 

+ Abriss der practischen Astronomie, von Dr. A. Sawitscu, aus dem Russischeniibersetzt 


ven Dr. W. C. Gawrze. Hamburg, 1850. 
9g 
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objective, or, more commonly, the object glass; and the smaller, 99’: 
through which the observer looks, is called the ocwlar, or, more 
commonly, the eye glass or eye piece. The two surfaces of both 
these lenses are segments of spherical surfaces of different radii. 
The optical axis of a lens is the straight line which passes through 
the centres of the two spherical surfaces which bound the 
iens. The optical axis of the telescope is coincident with that 
of the object glass. When the telescope is well constructed, the 
optical axis of the ocular should always be parallel to that of 
the objective, even when (as is usual in the larger instruments) 
the ocular is movable, this motion being in a plane at right 
angles to the axis of the telescope. Where the ocular has no 
motion, its axis should coincide with that of the objective, and, 
consequently, with that of the telescope. 


3. Let us now suppose that our telescope, or rather its optica) 
axis, is directed towards a star S. Then, on account of the great 
distance of the star, we can assume that all the rays from it to 
various points of the object glass, as SA, SC, SB, are parallel to 
each other. The ray SC, which passes along the optical axis 
itself, suffers no deviation from the refractive power of the lens, 
since it enters and leaves the lens at right angles to the refracting 
surfaces; but all other rays, as SA and SB, are refracted both 
when entering the lens and when leaving it, and, when the lens 
is small in proportion to the radii of curvature of its surfaces, 
these rays will all converge to a common point Fin the axis of 
the telescope. This common point in which a system of parallel 
rays meet is the principal focus, usually called simply the focus, 
of the lens, and the distance #’'C' from the centre C of the lens 
is called the focal length of the lens. If the radiant point S is so 
near to the telescope that the lines SA, SB are sensibly divergent, 
the lens will not bring them together at the principal focus, but 
at a point more remote; that is, the actual focus will be farther 
from the lens than #/. If the radiant point is at a distance from 
the lens equal to the principal focal distance, the divergent rays 
from this point will simply be rendered parallel by the lens, or 
the actual focus will be removed to an infinite distance. For all 
astronomical purposes we need consider only the principal focus, 
regarding the rays, even from the nearest celestial body, the 
moon, as sensibly parallel. The telescopes used in surveying 
instruments (where the terrestrial objects observed are at various 
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distances from the lens, and these distances all small) are pro- 
vided with a ready means of adjusting the position of the object- 
ive, by sliding the part of the telescope tube containing it out 
and in: so that the actual focus may always occupy the same 
absolute position in the optical axis, and, consequently, always 
be at the same distance from the ocular. The same result is 
also obtained by giving the portion of the tube containing the 
ocular a sliding motion. 


4, All the parallel rays from a distant radiant point, as a star 
S, which are converged to the focus #, form an image of the 
star in that focus. Conversely, if the radiant point be placed at 
F, all the divergent rays SA, SB, &c. will emerge from the lens 
in parallel lines AS, BS, &e. We shall hereafter have occasion 
to make several important applications of this property of a lens: 
here we shall apply it at once to show how a distinct view of 
the image of a star at Fis obtained. The eye lens gg’, being 
placed in the line CF’ produced, at a distance Fe equal to its own 
principal focal distance, it follows, from the property of a lens 
just stated, that the divergent rays Fy, Fy’ will emerge in 
parallel lines gk, g’k’, and will, consequently, enter the eye of the 
observer in parallel lines, thus giving a distinct view of the star; 
for the eye, in persons who are neither far-sighted nor near. 
sighted, is naturally adapted for distinct vision when the rays 
entering it are parallel. Without the telescope we should see 
only those rays from the star which fall upon the pupil of the 
eye; but when we look at the image of the star at the focus of 
a telescope, we see it with greater distinctness, because we then 
receive into the eye all the rays which have entered the object 
glass and have been united at the focus. In this consists the 
Jirst great advantage in the use of the telescope. 


5. Let a very fine thread be stretched in the focus # of the 
telescope at right angles to the optical axis. This thread will 
be visible through the ocular when the latter is so placed that 
its focus coincides with Ff’: consequently, when the telescope 
is directed towards a star, we shall have distinct vision of 
both the star and this thread at the same time. If two threads 
are placed at the focus at right angles to each other, their inter. 
section will determine a fixed point in the field of view, which 
by moving the telescope may be brought upon the object to be 
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observed. By bringing this point successively upon different 
celestial objects, their relative positions can be measured with 
the greatest precision; and in this consists the second great ad- 
vantage in the use of the telescope. Since the apparent thick- 
ness of these threads is increased by the magnifying power of 
the ocular it is necessary to use a very fine material: the spider’s 
web is that which is almost universally used. 

The line of sight is the straight line drawn from the thread 
through the optical centre of the objective; for this le repre- 
sents the direction of a distant point (as a star), when the tele- 
scope is so directed that an image of the point is formed at the 
thread. This line is also called the line of collimation; but we 
shall hereafter, for the sake of brevity, call it the sight-line. 


6. The spider lines, or threads, are usually stretched across a 
ring, or diaphragm, which is placed in a tube which slides in the 
principal tube of the telescope. The ocular also slides without 
affecting the threads: so that by means of these two motions we 
can bring the threads exactly into the common focus of the ob- 
jective and ocular. It is to be observed that the motion of 
the ocular is necessary merely for adaptation to the eyes of 
different observers. The threads, being once accurately placed 
in the focus of the objective, must not be disturbed; but the 
ocular may be drawn out or pushed in by each observer until 
he obtains a distinct view of the threads. To ascertain whether 
the threads are accurately placed in the focus of the objective, 
first adjust the ocular for distinct vision of the threads, then, 
bringing a thread upon a very distinct point, as a slow moving 
star, observe whether a motion of the eye in any direction 
towards the edge of the eye lens causes the star to leave the thread; 
for, if the image of the star is exactly on the thread, it ought to be 
seen on it even from a side view; but, if it is before or behind 
the thread, it will be seen on it only from a direct front view. 


7. Magnifying power.—Let us suppose the telescope to be 
directed towards a very distant object DL (Fig. 2). From its 
upper extremity D a multitude of rays proceed which fall upon 
all parts of the objective AB, and which (in consequence of the 
great distance of the object) may all be regarded as parallel to the 
line DCd which passes through the middle point of the lens. All 
these ravs are brought to a focus in this line DOd at a pointd whose 
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distance from the lensis equal to the focal length of the lens. There 
exists then at the point d a distinct image of the point D. Ina 


Fig. 2. 


similar manner an image of every point of the object is found at 
the same distance behind the object glass: so that there will exist 
at the focus of the lens a complete, though very small, image of the 
object. This image will be inverted ; for, while the image of the 
upper point D is formed at d, that of the lowest point Z is formed 
at /, the axes of the systems of rays from the several points of the 
object crossing at the middle point C of the lens. If the focus of 
the ocular is coincident with that of the objective, and, con. 
sequently, also with the image d/, the rays which diverge from 
a point d of the image and fall upon the ocular gg’ will emerge 
from the latter in lines parallel to each other and to the line 
dck which is drawn from d through the centre of the ocular; 
and, the same being true of rays from every point of the image, 
those from the extreme point / emerge in lines parallel to the 
line Jen. Hence the rays from the two extreme points d and / 
of the image enter the eye of the observer at an angle with each 
other equal to nck or led; and this angle is the apparent angular 
magnitude of the image to the eye. But without the telescope 
the apparent angular magnitude of the object, the eye being at 
C, would be DCL = dCl; which angle may be assumed to be 
the same as that under which 
the object is seen from the ” 
actual position of the eye be- 
hind the ocular, the length 
of the telescope being in- 
considerable in relation to 
the distance of the object. 
Now, the apparent linear 
magnitudes of the object 

and its image seen thus under different angles can be com- 
pared by referring them to the same absolute distance. Thus, 
referring the image di (Fig. 3) to the actual distance of the 


Fig. 3. 
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object DL, by the lines Hdd’, Ell’ drawn from the eye at LH, we 
have 

dU: DL=d'M: DM = tan} dH; tan} DEL 
Hence, denoting the magnifying power by G, we have 
dl’ tan 3 d El 
DL tani DEL 


whence the proposition, (A), The magnifying power of the telescope 
is equal to the tangent of half the apparent angular magnitude of the 
image seen through the ocular, divided by the tangent of half the ap- 
parent angular magnitude of the object seen without the telescope. 
Referring again to Fig. 2, we have the apparent magnitude of 
the image as seen through the ocular = lcd, and that of the 
object as seen by the naked eye = /Cd, and 
Im lm 
me * mC 


Y 


(1) 


tan $/ed: tan 310d = = mC3me 


or ; 
,__ tangled — mC 


=; = Z 
ss tan 410d MC ) 


whence the proposition, (B), The magnifying power of the telescope 
is equal to the quotient of the focal length of the objective divided by the 
focal length of the ocular. 

This principle serves for the calculation of the magnifying 
power when the focal lengths of the glasses are known, at least 
for the simple astronomical telescope here considered. A mode 
of obtaining the magnifying power of any telescope by direct 
observation will be given below. 

We see then that with the same objective we can have various 
magnifying powers by simply varying the ocular; and the less 
the focal length of the ocular, the greater will be the magni- 
fying power. The more the telescope magnifies, the nearer will 
the object appear to us, and, consequently, the more distinctly 
will its several parts be seen. Herein consists the third essential 
advantage in the employment of the telescope. 


8. The field of view.—By the field of view is meant the space 

ae which can be viewed with the tele- 
7 scope at one and the same time. The 
magnitude of the field depends upon 
(\ the angle gC’ (Fig. 4), which is con- 
Pa tained by two rays from the centre 
Ms of the objective to the extremities 
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of a diameter gg’ of the ocular; and consequently it depends upon 
the magnitude of the ocular and its distance from the objective. 
Most telescopes have diaphragms, or opaque rings, placed within 
the tube to cut off rays from the extreme edges of the objective, 
as well as stray light falling down the tube. If the inner edge 
of any diaphragm trenches upon the lines Cy, Cy’, the magni- 
tude of the field will be diminished, and will then depend upon 
the free aperture of the diaphragm, or upon that portion of the 
ocular upon which rays from the centre of the objective can fall. 
As it is difficult to construct large eye pieces which shall give 
as perfect images near their edges as in the centre, it is usual to 
obtain a large field with a small eye piece by giving the latter 
a sliding motion at right angles to the axis of the telescope. In 
this case the whole available field depends also upon the quantity 
of motion possessed by the eye piece. Usually this motion can 
be given only in one direction, in which case the whole available 
field is oblong, its breadth being limited by the dimensions of 
the eye piece, and its length by the quantity of motion. Some- 
times, however, two motions are provided, at right angles to each 
other, and then the whole of the free circular aperture of the 
diaphragm becomes available for the field. 
ak. ASS 
9. Brightness of images produced by the telescope, and the intensity 
of their light. The image which the telescope gives of an object 
must possess a sufficient degree of brightness to make an impres- 
sion upon our eye. Let us suppose two telescopes, the object 
glasses of which are of different diameters, to have the same mag- 
nifying power. Then the brightness of the two images formed 
will be proportional to the quantity of light which falls on the 
surface of the two objectives respectively; but these surfaces are 
proportional to the squares of the diameters of the objectives, 
and hence the brightness of the images is proportional to the 
square of these diameters. On the other hand, let us suppose 
two telescopes, with object glasses of equal diameters, to have 
different magnifying powers; then one and the same quantity of 
light is distributed over the larger and over the smaller image, 
and, consequently, in this case the brightness of the image is 
inversely proportional to the square of the magnifying powers. 
It is to be observed, however, that not all the rays which fall 
upon the object glass reach the eye, partly on account of the 
want of absolute transparency of the glass, and still more on 
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account of the reflection of a number of rays from the surfaces 
of the lens. Some light is also lost occasionally, when the 
breadth of the eye glass is not sufficient to embrace all the rays 
which proceed in a cone from the image of a radiant point formed 
at the focus, or when the pupil ot the eye is not large enough to 
receive the whole cylinder which these rays form after passing 
through the eye glass. Thus, in Fig. 1, let SA BS be the cylinder 
of rays from a very distant point, falling upon the free opening 
of the object glass; g’/k’kg, the cylinder of light which emerges 
from the eye glass; /' the common focus of the two glasses. On 
account of the similarity of the triangles ABF and g’gF, we 


have 
AB:9'9 — OF: Fe 


gees , = CF 
But the magnifying power G is (Art. 7) equal to Fe consequently, 
, 
also, 


Now, all the rays which fall upon the object glass will enter the 
pupil of our eye only when g’g is either equal to the diameter d 


of the pupil, or is less than d. In the first case we shall have 
AB AB 


G= au in the second, G > =a Bui af G-= = we must 
have gg’ > d, or the diameter of the cylinder of light emerging 
from the eye glass greater than the diameter of the pupil: in 
that case, therefore, some of the light must be lost to the eye. 

Since every point of an object seen through a telescope must 
appear as a point, whatever may be the magnifying power of the 
telescope, it follows that the itensity of the illumination of the 
several points of the image in the telescope depends upon the 
quantity of light which proceeds from each point of the object 
and reaches our eye. We must, therefore, not confound intensity 
with the brightness which results from the impression of the whole 
image upon the eye. The intensity of the light is independent 
of the magnifying power, while the brightness is, as we have 
seen, inversely proportional to the square of the magnifying 
power. According to these principles, the following explanation 
of the working of the telescope, given by the distinguished 
OLBERS, will be readily understood: 

“Let B be the brightness, [the intensity of light of an object 
seen through the telescope; both being supposed to be, for the 
naked eye, equal to unity. Let D be the diameter of the object 
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glass, d that of the pupil of the eye, G@ the magnifying power 
of the telescope, and 1: the ratio in which the light is dimin- 
ished by its passage through all the glasses of the telescope ; 
then we have 

rh DD? 

Pee ach aay e (3) 


D ; : 
Now, so long as G < a which, however, occurs only in tele- 


scopes of large objective apertures and low magnifying power, 
the quantity B must remain constant and = m; for, if G is less 


than a the diameter of the cylinder of emergent rays from the 


ocular will be greater than can be received by the pupil; the 
eye then receives no more of the light than it would if the ob- 
jective had the diameter Gd. Hence, the greatest value of B is 
m, and can never be greater in the telescope. Since in the best 
achromatic telescopes m — 0.85, we see that the brightness of 
an object is always greatest with the naked eye. As soon as G 


is greater than — the brightness rapidly diminishes as the square 


d 
of G. 
‘On the other hand, J, or the intensity of the light, is constant 


as soon as G = or > 4 provided that the field of view always 


includes the whole of the magnified object. J can therefore 
become very great when D is great; and this is the reason why 
exceedingly faint stars can be seen through a telescope with a 
large objective. The diameter d of the pupil (which may be 
assumed to be about 0.2 of an inch) is not only different in 
different observers, but also varies with the absolute intensity of 
the light of the object viewed,—e.g. it is less when we view the 
moon, greater when we view Saturn; less when we view the 
moon through a telescope of five inches aperture than through 
one of two inches aperture. 

“The sky, or ‘ground of the heavens,’ has a certain degree 
of brightness, not only in daytime, in twilight and moonlight, 
but even at night in the absence of the nroon. This brightness 


: : i? 
of the sky also diminishes in the telescope asm. nGe and therefore 


the ratio of the brightness of an observed object to the bright- 
ness of the sky remains constant for all magnifying powers. 


This is the reason why for considerable magnifying powers we 
Vov. II.—2 
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do not observe a correspondingly great decrease of brightness. 
But, if we call this brightness of the sky 6, although the ratio 
B:b remains constant, our eye can, nevertheless, no longer dis- 
tinguish the difference B —b of the brightness of the object and 
the sky when this difference is very small. Hence, faint nebule, 
tails of comets, &c. become invisible under high magnifying 
powers. The intensity of the light of the portion of the sky 
which we see in the telescope varies inversely as G'’, nearly.* 
This intensity of the light of the field may be so great as 
wholly to prevent our seeing objects of feeble intensity. This 
is the reason why with the comet-seeker (a telescope of large 
aperture and small magnifying power) we cannot see stars, even 
of the first magnitude, in the daytime, when we can see them 
without difficulty with telescopes of much smaller apertures and 
greater magnifying powers. This also explains why with high 
magnifying powers we often discover very faint stars which are 
wholly invisible in the same telescope with lower powers.” 

The more perfect the telescope is, the more nearly will the 
image of a star resemble a bright point; and, according to the 
above, we may without hesitation always employ for the obser- 
vation of fixed stars the highest magnifying powers. 


10. Spherical and Chromatic Aberration.— A telescope of the 
simple construction above described would possess serious defects. 
All the parallel rays from an object which fall upon a simple 
spherical lens cannot be brought exactly to a common point in 
any case; and not even approximately unless the lens is small 
or of relatively great focal length. The image of a fixed star 
will, therefore, not be a well defined point, but rather an ill defined 
spot of light; and the images of all objects will be the more dis- 
torted the greater the objective is in proportion to the focal 
length. This deviation of the rays from a common point in the 
telescope is called the spherical aberration. 

In the simple astronomical telescope, still another difficulty 
exists: for white rays of light, after they are refracted by a simple 
lens, are resolved into the colors of the prismatic spectrum, or 
of the rainbow, and, consequently, the image of any object will 
appear surrounded and disfigured by colored light. This arises 


* That is, the effect upon the eye of the whole of the light of that portion of the 


sky which is visible under the magnifying power ( varies nearly as ee as is evi- 
dent, since the field is diminished in this ratio. 
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from the different degrees of refrangibility of the different colors. 
The deviation of the rays of different colors from a common focus 
is called the chromatic aberration. 

With regard to the means by which the telescope is rendered 
almost wholly free both from spherical and from chromatic 
aberration, that is, rendered both aplanatic and achromatic, it 
must here suffice to state, in general terms, that the result is 
obtained by substituting for the simple lens a compound one of 
which the component lenses are made of glass of different degrees 
of refractive and dispersive powers. There are generally two 
eomponent lenses, as in Fig. 5; one of which, AB, is a biconvex 


Fig. 5. 


B 


lens of crown glass, and is that which is turned towards the object; 
the other, AA’BB’, is a meniscus or concavo-convex lens of flint 
glass. The latter kind of glass usually contains at least 33 per 
cent. of oxyde of lead, from which crown glass is wholly free; 
and both its refractive and its dispersive powers exceed those of 
crown glass. By giving the four spherical surfaces of the com- 
ponent lenses suitable curvatures, both the spherical and the 
chromatic aberrations produced by the crown glass lens are very 
nearly corrected by the flint glass lens. 

Even in the best telescopes an absolutely perfect compensation 
of the errors has not been reached. Some idea of the relative 
excellence of the instrument may readily be obtained as follows. 
The correction for spherical aberration is well made when the 
image of a star, in favorable states of the atmosphere, is a very 
small, well defined, round disc. Having adjusted the eye piece, 
by sliding it out or in, until this disc is reduced to its least dimen- 
sions and most perfectly defined, the slightest motion of the eye 
piece from this position, either out or in, should disturb the per- 
fection of the image: a telescope in which the character of the 
image remains sensibly the same during a considerable motion 
of the eye piece is imperfectly corrected for the spherical aber- 
ration. The correctness of the general figure of the lens is 
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judged of by sliding the eye piece in beyond the perfect focus, 
whereby the image becomes enlarged; but if the lens is sym- 
metrical throughout, the image will remain circular, and in very 
perfect telescopes will present a number of complete concentric 
circular rings of light; a similar result should follow when the 
eye piece is drawn out. An imperfect, unsymmetrical lens, with 
the eye piece out of focus, will give an image composed of incom- 
plete and distorted rings, or only a confused and irregular mass 
of variously colored light. Ifthe glass of which the lens is com- 
posed is not perfectly homogeneous (one portion having greater 
refractive power than another), the images of bright stars of the 
first or second magnitudes will have what opticians call a wing on 
one side, which no perfection of figure or of adjustment can re- 
move. But the defective portion of the glass may be discovered 
by covering up successively different parts of the lens by means 
of caps of variable apertures in various positions; and some im- 
provement in the performance of the lens may be obtained by 
excluding this defective portion, at the expense of light. 

The achromatism is judged of by pointing the telescope to 
some bright object, as the moon or Jupiter, and alternately push- 
ing in and drawing out the eye piece from the place of most per- 
fect vision: in the former case, if the lens is good, a ring of purple 
will appear round the edge of the image, in the latter, a ring of 
pale green (which is the central color of the prismatic spectrum); 
for these appearances show that the extreme colors of the spec- 
trum, red and violet, are corrected. 


11. Achromatic eye pieces.—The eye pieces now most commonly 
used are of two kinds: the Huygenian and the Ramsden. 

The Huygenian eye piece consists of two plano-convex lenses 
of crown glass, A and B 
(Fig. 6), the convex sur- 
faces of both being turned 
towards the object. The 
first lens A receives the 
converging rays Sa, Sb, 
coming from the object 
glass, before they have 
reached the principal fo- 
cus F of the object glass, 
and brings them to a focus #” half-way between the two lenses 


Fig. 6. 


EYE PIECES. 783 


Aand B. The focal length of the lens B being made equal to 
BF’, the image formed at F’ is distinctly visible to an eye be- 
hind B. Since this eye piece is adapted to rays already converg- 
ing, instead of diverging rays, it is commonly called the negative 
eye piece. 

The Ramsden eye piece is shown in connection with the tele- 
scope in Fip. 5. It also consists of two plano-convex lenses; 
but the plane surface of the lens nearest the object is turned 
towards the object. The diverging rays from an image F are 
rendered less divergent by the first lens, and finally parallel by 
the second lens; after emerging from the latter, therefore, they 
are adapted for distinct vision to an eye placed behind it. This 
eye piece being adapted for diverging rays, like the simple double 
convex lens, is called the positive eye piece. It is universally 
used wherever spider threads are placed in the focus of the object 
glass for the purposes of measurement, as in the transit instrument, 
&e.; for the permanency of the position of these threads is of 
the first importance, and this could not be insured unless the 
threads were so placed as to be independent of any motion of 
the eye piece. Threads are, however, often placed in the focus 
of a Huygenian eye piece merely to mark the centre of the field, 
as in the eye pieces of the telescopes of a sextant. 

The optical qualities of the Huygenian eye piece are, however, 
superior to those of the Ramsden, the spherical aberration being 
more perfectly corrected; and it is, therefore, preferred for the 
mere examination of celestial objects when no measurements 
are to be made. 

Neither of these eye pieces changes the apparent position of 
the image, which therefore remains inverted. Achromatic eye 
pieces designed to show objects in their erect positions usually 
consist of four lenses. They are used chiefly for land objects, and 
only in small telescopes. The great loss of light from the addi- 
tional lenses is an insuperable objection to them for astronomical 
purposes. 

The lenses composing the eye piece are fixed, at the proper 
distance from each other, in a separate tube, which has a sliding 
motion in another tube fixed to the telescope, so that it can be 
pushed in or drawn out and thus adapted for different eyes. 
For near-sighted persons it must be pushed in; for far-sighted 
persons, drawn out. 
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12. Diagonal eye pieces.—When a telescope is directed towards 
an object near the zenith, it is always inconvenient, and often, 
with small instruments, impossible, for the observer to bring 
his eye directly under the telescope. The inconvenience is 
obviated by employing an eye piece which bends the rays at 
right angles to the optical axis of the telescope, 
as in Fig. 7, where the lens A receives the rays 
in the direction of the axis of the telescope and 
partially refracts them; they are then reflected 
by the plane surface M (placed at an angle of 
45° with the axis) to the lens B, by which they 
are rendered parallel and adapted for distinct vision to the eye 
at B looking in the direction BM. The surface M may be either 
a plane metallic mirror, or the interior face of a right prism of 
glass, the section of which is shown in the figure by the dotted 
lines. The prism is usually preferred, as less light is lost by 
reflection from its interior face than from a metallic speculum. 


13. To measure the magnifying power of a telescope.—First Method.— 
The magnifying power depends upon the focal lengths of the 
object glass and eye piece (Art. 7), and hence for the same tele- 
scope different eye pieces will give different magnifying powers. 
We suppose, then, that the eye piece whose magnifying power 
is to be found is placed upon the telescope and very carefully 
adjusted for distinct vision of very distant objects. If we then 
direct the telescope in daytime towards the open sky, we shall 
see near the eye piece, and a little way beyond it, a small illumi- 
nated circle, which is nothing more than the image of the 
objective opening of the telescope. Let the diameter of this 
circle be measured by a very minutely divided scale of equal 
parts; then the magnifying power is equal to the quotient arising from 
dividing the diameter of the object glass by the diameter of this illumi- 
nated circle.* For example, let the diameter of the object glass 


* The demonstration of this rule is not usually given in our optical works. Let 

: ANB, Fig. 8, be the objective; C the 

A eae: ocular, which we can regard as in effect 
a single lens; NV the middle of the ob- 

b jective; m the middle of the small il- 

af 7, luminated circle and, which is the image 
of the objective opening formed beyond 

a! the ocular. If we remove the object 
glass from the telescope tube, the image anb of the opening will still remain the same 
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be 4 inches, that of the small illuminated circle 4, of an inch; 
the magnifying power is 4 + ay = 80. 

The vhief difficulty in this method lies in the exact measure- 
ment of the diameter of the small illuminated circle. Various 
methods have been contrived for this purpose; but the most 
effective is by means of the instrument known as Ramsden’s 
Dynameter. 

Second Method (proposed by Gauss).—If we reverse the tele- 
scope and direct the ocular towards any distant object, we shall, 
when looking through the objective, see the image of the object 
as many times diminished as we see it magnified when looking 
through the ocular. Select, therefore, two well defined points, 
lying in a horizontal line, and direct the telescope so that, look- 
ing into the objective, these points may appear to lie at about 
equal distances on each side of the optical axis. Then place a 
theodolite in front of the objective, level the horizontal circle, 
and bring the optical axis of its telescope nearly into coincidence 
with that of the larger telescope, so that looking into the object- 
ive of the latter, through the telescope of the theodolite, the 
selected points may be distinctly seen. Measure the apparent 
angular distance of the images of the points with the theodolite, 
by bringing the vertical thread successively upon these images 
and taking the difference a of the two readings of the horizontal 
circle. Remove the larger telescope, and measure in the same 
manner with the theodolite the angular distance A of the points 
themselves. Then the magnifying power G is given by the 
formula 


as when the glass is in its place. Now, it is known, from the elements of optics, that 
if «w is the distance of a bright object from a convex lens, v the distance of the 
image from the lens, / the focal length of the lens, we have the equation 

il eh sae 

pile 
Let F be the focal length of the objective, f that of the ocular, w the distance between 
them; then we have VO =u —F-+/f; Cn =v; and, consequently, 

ies pil 1 Fr 


of Foe pe fs} 
ABQENC LE ry ak 
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Also, 


But, by Art. 6, us expresses the magnifying power of the telescope: hence, also, ae 
i a 


expresses the magnifying power, as in the method of the text. 
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_ tan3A 
~ tan4éa 


(4) 
ae A 
or, if the angles A and a are very small, G = x 

If the observed points are not very distant, we should in strict- 
ness measure the angle A by placing the theodolite at the point 
first occupied by the ocular; for A is the angle contained by the 
rays from the two points to the ocular, and a the angle contained 
by these rays after they have passed through the ocular and have 
been refracted by it. 

If the telescope cannot be removed conveniently, the angle A 
may be obtained by measuring the linear distance D of the middle 
point between the two observed points from the ocular, and the 
horizontal linear distance d between the points; then 


d 
When the latter method is practised, however, it is necessary to 
observe that if the telescope of the theodolite, in measuring the 
angle a, is inclined to the horizon by the angle J, we must employ 
instead of a the angle a’ given by the formula 


sin 4a’= sin $a cos I 
or, with sufficient precision, 


tan $a’ = tansacos J 


a reduction which was unnecessary where both ‘A and a were 
‘measured by the theodolite, since the factor cos J would enter 
into both numerator and denominator of (4). But the reduction 
may also be neglected here, if by Dis understood, not the direct 
distance from the ocular to the observed points, but the projec- 
tion of this distance on the horizontal plane, and then the formula 


becomes G = » with sufficient precision, since a is always 


d 
D sin a 
very small. 

For accuracy, the angular distance of the points observed 
should be as great as can be embraced within the field of the 


telescope. 


Exampre 1.—The angles A and a were directly measured with 
a theodolite, in the case of an equatorial telescope with a sertaip 
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eye piece, and were A = 5° 10’ 30”, a= 3/10’. We have, 
therefore, for this eye piece, 


__ tan 2° 35’ 15” 


OERRUSIEGR: <eh cae 


EXAMPLE 2.—For verification of the preceding measure, the 
angle A was also obtained without the theodolite, for which pur- 
pose there was measured the distance of the observed points 
from the ocular, D = 303.2 feet, and the distance between the 
points, d = 26.98 feet. The inclination of the telescope of the 
theodolite was here observed to be [= 10° 40’, and as before by 
direct measure a = 8/10/’.. We have first, 


9 
es Flea 
606.4 
and hence 

26.98 


GS = 98.30 
606.4 tan 1’ 35” cos 10° 40’ 


The horizontal distance D was here 298 feet, with which, by the 
last formula above given, we have 


9 
(Fa 
298 sin 3'10” 


The magnifying power of this eye piece may therefore be taken 
at 98.3, or simply 98. 

Third Method (proposed by H. B. Vauz, in the Astronomische 
Nachrichten, Vol. vii). This very convenient method consists in 
directing the telescope towards any object of known angular 
diameter, and measuring the angle formed by rays from the 
extremities of a diameter after these rays have emerged from the 
eye piece. The sun, the angular diameter of which is always 
known, is especially adapted for the purpose. The image of the 
sun may be received upon a screen placed in the prolongation 
of the axis of the telescope with its flat surface carefully adjusted 
at right angles to that axis. The telescope is to remain fixed, 
being properly directed so that the sun shall pass over the centre 
of its field; and as the image passes over the screen its linear 
Jiameter d is to be measured. Also the perpendicular distance 
D from the middle of the eye piece to the screen. Then, if a is 
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the true angular diameter of the sun, A the angular diameter of 
the image on the screen, subtended at the eye piece, we have 


a 
tan +A = Zs 
ID 


and the magnifying power G, as before, is 


MW 


_ tangA d 
~ tan#a  2Dtan da 


(6) 


Fourth Method.—¥ or small instruments, and where great accu- 
racy is not required, the following process will answer. Let a 
staff, which is very boldly divided into equal parts by heavy lines, 
be placed vertically at any convenient distance from the telescope, 
for example, fifty yards. While one eye is directed towards the 
staff through the telescope, the other eye may observe the staff by 
looking along the outside of the tube. One division of the staff 
will be seen by the eye at the eye piece to be magnified, so as to 
cover a number of divisions of the staff, and this number, which 
is the magnifying power required, may be observed by the other 
eye looking along the tube. The staff here not being very distant, 
the focal adjustment of the telescope is not the same as for stars; 
the focal length is, in fact, somewhat greater than the “principal” 
focal length (Art. 3), and the magnifying power obtained is pro- 
portionally greater than that which applies to very distant or 
celestial objects, the rays from which are sensibly parallel. If we 
call the magnifying power obtained from the terrestrial object G’, 
that for a celestial object G, H’’ the focal length employed, F' the 
principal focal length, we have 


TRUS 1D! = (GG 


For example, a telescope whose principal focal length was 
24 inches, being directed towards a graduated staff, it was found 
that for distinct vision of the staff it was necessary to draw 
out the eye piece 0.75 inch. Then, one division of the staff 
seen by the eye at the eye piece was observed by means of 
the other eye to cover 40 divisions. Here we have F'= 24, 
FE” = 24.75, G’ = 40, and hence 


F 2 
G = G’.— = 40 x —_ = 88. 
FF X 3478 38.8 
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Instead of using the divisions of a staft, which may not be suffi- 
ciently distinct, a dise of white paper may be placed against a 
black ground, and the size of the magnified image may be marked 


on the same ground by an assistant from signals made by the 
observer at the telescope. 


os It was shown in Art. 7 that the magnifying power is equal 
yee ri F being the focal length of the objective, and f that of the 


Bene To apply this rule when the eye piece is composed of 
two lenses, it is necessary to find the focal length, f, of a single 
lens which is equivalent to the two lenses. This is effected by 
the formula of optics 

Tae 
Lea) od 


f= 


in which f’, f’’ are the focal lengths of the component lenses, 
and d the distance between them. This formula, however, is but 
approximative (it gives f somewhat too great): it is better to 
measure the magnifying power directly by one of the methods 
above given. 


15. Reflecting telescopes.—As these are rarely used for the pur- 
poses of measurement, we shall content ourselves with merely 
stating the forms of the two kinds which have been in most 
common use. The simplest, and now most commonly used, is 
the Herschelian telescope, introduced by Sir WiLti1am HErscHeEL. 
A polished concave speculum, ab, Fig. 9, is placed at the bottom 


Fig. 9. 


of atube, ABCD. It is ground to the form of a paraboloid, the 
focus of which is near the mouth of the tube; it is slightly in- 
clined, so that the focus falls near one side of the tube, as at D, 
where the reflected rays from the speculum form an image which 
is viewed through an eye piece, H, of the usual form. The head 
of the observer may intercept a small portion of the rays from 
a celestial object to the speculum; but this is of little conse- 
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quence, as the speculum is usually very large. In Lord Rosse’s 
Herschelian, the diameter of the speculum is six feet. 

The reflecting telescope next in most common use is the New- 
tonian, which differs from the Herschelian only in receiving the 
reflected rays from the speculum upon a small plane mirror, c, 
Fig. 10, placed in the middle of the tube near its mouth, which 
reflects these rays at right angles to the axis of the tube to az 


Fig. 10. 


eye piece at H. In this form, the small plane mirror intercepts 
a portion of the light from the object; moreover, light is lost in 
the double reflection ; but a slight advantage is gained in having 
the axis of the speculum coincide in direction with the axis of 
the tube. The reflected rays reach the mirror ¢ before they are 
brought to a focus: they converge after reflection to the point f, 
where is produced the image which is examined through an eye 
piece by the eye at #. 


16. Finding telescopes.—A telescope of great focal length and 
high magnifying power has a very small field, in consequence 
of which it becomes very difficult to find a small object in the 
sky. This inconvenience is obviated by attaching to the outside 
of the tube a smaller telescope, called a finder, of low magnifying 
power and large field, with its axis adjusted parallel to that of 
the larger telescope. The search for the object is made with 
the finder (both telescopes having a common motion), and, 
when found, it is brought to the middle of the field of the 
finder; it is then somewhere in the field of the larger telescope. 
The middle of the field of the finder is indicated by the inter- 
section of two coarse threads in the focus; or, still Letter, by 
four threads forming a small square, the middle point of which 
is the centre of the field. 
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CHAPTER IL. 


OF THE MEASUREMENT OF ANGLES OR ARCS IN GENERAL— 
CIRCLES-—MICROMETERS—LEVEL. 


17. Graduated Circles.—The most obvious mode in which an 
angle may be measured is that in which we employ a circle, or 
portion of a circle (constructed of metal or other durable material), 
the limb of which is mechanically divided into equal parts, as 
degrees, minutes, &. The centre of the circle being placed at 
the vertex of the angle to be measured, the are of the circum- 
ference intercepted between the two radii which coincide in 
direction with the sides of the angle is the required measure.* 
To give this mode precision when the angle is found by lines 
drawn to two distant points, the aid of the telescope is invoked. 
This is connected with the circle in various ways, according to 
the nature of the instru- 
ment of which it forms 
a part; but, in general, 
we may conceive it to be 
essentially as follows. 
To the tube of the tele- 
scope, AB, Fig. 11, is 
attached a pivot, C, at 
right angles to the op- 
tical axis, which turns 
ina circular hole in the 
centre of the graduated 
circle MN. An arm aCb, extending from the centre C'to the 
graduations on the limb, is permanently attached to the telescope, 
and revolves with it. To measure an angle subtended by two 
distant objects at the point C, the circle is to be brought into the 
plane of the objects and firmly fixed. Then the telescope is 


Fig. 11. 


* In the sextant and other instruments of ‘‘double reflection,” the vertex of the 
angle to be measured is not in the centre of the arc used to measure it. See article 


“‘ Sextant.” 
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directed successively upon the two objects, and in each case 
the number of degrees indicated by a mark on either extremity 
of the arm ab is to be read off; the difference of the two readings, 
which is the number of degrees passed over by the arm, and, 
consequently, also by the telescope, will be the required measure 
of the angle. The same result is reached by permanently con- 
necting the circle and telescope, which then revolve together, 
while a fixed mark near the limb of the circle serves to indicate 
the number of degrees through which the telescope revolves. 

In order to point the telescope with ease and accuracy upon 
an object, a clamp and tangent screw are commonly employed. 
This contrivance, which may be seen upon almost every astro- 
nomical instrument, takes a great variety of forms, but in all cases 
the operation of it is as follows: when the telescope is approxi- 
mately pointed upon the object by hand, it is clamped in its posi- 
tion by a slight motion of the clamp screw, after which the 
telescope admits of no motion except that which is common to 
it and the clamp: hence, by a fine screw which moves the clamp 
a slow delicate motion can be given to the telescope, whereby the 
sight-line marked by a thread in the focus is brought accurately 
upon the object. 

The great increase of accuracy in pointing a telescope which is 
obtained by the introduction of the spider threads in its focus 
brings with it the necessity of a corresponding increase of accu- 
racy in reading off the number of degrees and fractions of a degree 
on the divided limb of the circle. A single reference mark upon 
the extremity of an arm, as in Fig. 11, enables us to determine 
only the number of entire divisions of the limb passed over; but, 
as this mark will generally be found between two divisions, 
some additional means are required for measuring the fraction 
of a division. Two methods are now exclusively employed. 
The first of these, in the order of invention, is 


THE VERNIER.* 


18. Let MN, Fig. 12, be a portion of the divided limb of a 
circle; CD the arm which revolves with the telescope about 
the centre of the circle. The extremity of this arm is expanded 


* So called after its inventor, Perrr Vernrer, of France, who lived about 1630. 
By some it is called a nonius, after the Portuguese NuNez or Nonrus; but the in- 
vention of the latter (who died in 1577) was quite different. 


VERNIER. 3d 


into an are ab, which is con- Fig. 12. 
centric with the circle and is 
graduated into a number of 
divisions x which occupy the 
space of n —1 divisions of 
the limb. Thus graduated, 
this small are receives the 
name of a vernier. The first 
stroke a is the zero of the 
vernier, and the reading is al- 
ways to be determined by the = ~~ 
position of this zero on the 7 
limb. Let us put iv 


= the value of a division of the limb, 
d' = the value of a division of the vernier, 


then we have 


whence 
ime n—l d 
n 
and 
1 
ey a = 
d d a (7) 


The difference d — d’ is called the least count of the vernier, which 
; 1 : dais 
is, therefore, maa of a circle division. If now the zero a falls 


between the two circle graduations P and P-+ 1, the whole 
reading is Pd plus the fraction from Pto a. To measure this 
fraction, we observe that if the mth division of the vernier is in 
coincidence with a division of the limb, the fraction is m x (d—d’) 


or —d. For example, if, as in our figure, the vernier is divided 
n 


into 10 equal parts, occupying the space of 9 divisions of the 
limb, and if the 4th division is in coincidence, the whole reading 


is Pd + 4; and if d= 10’ and P corresponds to 20° 20’ 
(P being the 122d division from the zero of the limb), then the 
whole reading is 20° 20’ + = xX 10/= 20° 24’. In this case the 


least count is 1’. In practice, no calculation is necessary to 
obtain the fraction, for this is indicated by proper numbers 
against the graduations of the vernier itself. 
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If the least count is given, to find n, we have 


d 


ire pT 


d and d — d’ being, of course, expressed in the same unit. For 
example, if the limb is divided to 10’, and the least count is to 
be 10/’, we have 


d = 600” 
d —=d' == 10! 
whence 
= 60 


and we must make 60 divisions of the vernier equal to 59 divi- 
sions of the limb. 

When a large number of divisions are made on the vernier, 
and the least count is very small, the graduations must be 
exceedingly delicate; otherwise, several consecutive divisions 
of the vernier may appear to be in coincidence with divisions of 
the limb. The reading is then to be assisted by a microscope, or 
reading glass, placed over the vernier and having a lateral motion, 
whereby its optical axis can be brought immediately over that 
division of the vernier which is in coincidence. 

To increase the accuracy of a reading still more, two or more 
arms, each carrying a vernier, are employed, and the mean of 
the indications of all is taken. The effect of reading off a circle 
at various points, in eliminating errors of the circle, will be 
treated of hereafter. 

The arm carrying a vernier, or the frame bearing severai 
verniers, is often called the alidade. Sometimes the several 
verniers are attached to a circle, which then receives the name 
of the alidade circle. 


19. We have assumed above that the divisions on the vernier 
are smaller than those on the limb. This is the most common 
arrangement; but we may also have them greater by making n 
divisions of the vernier occupy the space of n 4-1 divisions of 
the limb: so that we have 


(n+ 1)d=nd' 
whence the least count is, as before, 


A dees 
n, 
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The only difference will be, that when the graduations of the 
limb proceed from right to left, those of the vernier must pro- 
ceed from left to right; that is, the zero of the vernier must be 
the extreme left-hand stroke. 


20. In case a vernier has been used which is found to be too 
long or too short, the reading may be corrected as follows. Let 
the error in its length be denoted by z, then (in the verniers of 
the ordinary form) we have (Art. 18) 


(n—ld=nd'+x2 
whence 


ee a . 
tN ON Dah (8) 


Hence a reading in which the fraction was m(d — d’) becomes 


m x : se x 
a +m: = The correction of the reading is, therefore, + m:— 
nN 


when the vernier is too short by x; and — m-— when it is too 
n 


long by x. For example, if the limb is divided to 10’ and the 
vernier gives 10’ (in which case n = 60), and we find that the 
vernier is too short by x = -+ 5/’, then we must add to every 


” 


reading the correction + m- $0 > om since every 6th graduation 


of the vernier gives one minute, we must add 0/’.5 for every 
minute read on the vernier. 

The actual length of the vernier is found by bringing its zero 
into coincidence with a division of the limb and observing where 
the next coincidence occurs. If this second coincidence occurs 
at the last division of the vernier, its length is correct; but if the 
coincidence occurs at + p divisions from the last, it is too short 
or too long by p times the least count. This should be done 
at various points of the limb, and the mean of all the results 
taken, in order to eliminate the effect of accidental errors in the 
graduations of the limb. 

The vernier is now used chiefly on small circles and portable 
instruments; but when the highest degree of accuracy is sought 
for in reading off a circle, we have recourse to 


THE READING MICROSCOPE. ‘ 


21. Let us conceive the arm which carried the vernier, instead 
of lying close to the plane of the circle, to be raised at some 


distance from it, and in place of the vernier let the extremity of 
Vou. IJ.—3 
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the arm carry a microscope AC (Plate I. Fig. 1), the optical axis 
of which is perpendicular to the plane of the circle MN and 
intersects the divisions on the limb. The telescope and circle 
are to be supposed to revolve together, while the microscope 
remains fixed. An image of the divisions is formed at the focus 
D of the object lens C. Two lenses, B and A, constitute a posi- 
tive eye piece through which this image is viewed. HG isa 
micrometer, the interior of which is shown, enlarged, in Plate LI. 
Fig. 2. A fine screw, ce, with a large graduated head, HF, 
carries the sliding frame aa, across which are stretched two inter- 
secting spider threads. These threads lie exactly in the focus 
of the microscope, and are consequently visible at the same time 
with the image of the divisions of the limb. On one side of the 
field is a notched scale of teeth (which does not move with the 
cross-threads), the distance between the teeth being the same as 
that between the threads of the screw. The middle notch is 
distinguished by a-hole opposite to it, and every fifth notch is 
cut deeper than the rest. At 7 (Fig. 1) is an index to which the 
divisions of the micrometer head are referred. Since one com- 
plete revolution of the micrometer head must carry the cross- 
threads a distance equal to the thickness of the thread of the 
screw, if the head is graduated into 100 parts we have the means 


: Ll : 
of measuring a space equal to Too 2 of the thickness of the thread 


of the screw. Hither by making the screw very fine, or increasing 
the number of graduations on the head, or by both, and at the 
same time increasing the optical power of the microscope, we 
can carry this subdivision of space to almost an unlimited extent. 

In order to understand the mode of reading the circle by this 
apparatus, let us conceive the intersection of the cross-threads to 
stand against the central notch, the zero of the micrometer being 
also exactly opposite the index. The point of the field then occu- 
pied by the intersection of the cross-threads is to be regarded as a fixed 
point of reference, and, as the telescope revolves from one position to 
another, the number of divisions of the limb which pass by this point 
will be the measure of the angular motion of the telescope. Suppose, 
then, the revolution has brought this point, not upon a graduation 
of the limb, but at a fraction of a division beyond a certain 
graduation P; then, to measure this fraction, we have only to 
move the cross-thread from the point of reference into coincidence 
with the graduation P, and read the number of divisions of the 
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micrometer head. If more than one revolution of the screw is 
required, the whole number of revolutions will be shown by the 
number of notches in the field passed over by the cross-threads, 
and the fraction of a revolution by the micrometer head. Then, 
knowing the relation between a division of the micrometer head 
and one of the circle, the value of the required fraction is at 
once found. For example, suppose a division of the circle is 
equal to 5’, and that five revolutions of the micrometer screw 
just carry the cross-threads from one circle graduation to the 
next; and, further, that the micrometer head is divided into 60 
equal parts; then each revolution of the screw represents 1’, and 
each division of the micrometer head represents 1’. If then we 
have made three whole revolutions, and the micrometer head 
reads 25.3, the required fraction is 8’ 25’’.3. If the graduation 
P was 289° 35’, the whole reading is 289° 38’ 25/’.3. 

The coincidence of the point of intersection of the threads 
with a graduation of the limb is made in the manner shown in 
Fig. 2. In many of the German instruments, instead of a cross- 
thread, two very close parallel threads are used, the middle 
point between which is the point of reference, and a coincidence 
is made by bringing the circle division to bisect the space 
between them. This bisection is, of course, estimated; but it 
may be effected with very great accuracy where the threads are 
very close. Their distance should be very little greater than 
the breadth of the graduations of the limb. Brssrn preferred 
the parallel threads; but it is, perhaps, doubtful whether they 
afford any advantage in the hands of most observers. 

The spiral springs bb serve to make the screw bear always on 
the same side of the thread, so that in reverse motions of the 
serew there is no lost or dead motion, that is, revolution of the 
screw without a corresponding movement of the cross-threads. 
But, to guard against the possible existence of lost motion, the 
coincidence of the cross-threads with a circle division should 
always be produced by a motion of the micrometer head in one 
and the same direction. 


22. Error of Runs.—When a reading microscope is in perfect 
adjustment, a whole number of the revolutions of the screw is 
equal to the distance of two consecutive graduations of the circle. 
To effect this, provision is made for lengthening or shortening 
the microscope tube, and also for moving the whole microscope 
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farther from or nearer to the circle. In this way, the magnitude 
of the image of a division as seen in the field can be changed 
until it corresponds exactly to a whole number of revolutions of 
the screw. For example, if a whole number of revolutions is 
greater than the image of a circle division, the objective lens 
must be brought nearer to the ocular, and at the same time the 
whole microscope brought nearer to the circle. 

But, as changes of temperature and other causes are found to 
produce changes in the value of a division of the microscope, and 
it is not expedient to be always changing the adjustment, it is 
usual, after making one very exact adjustment, to let it stand, and 
then determine from time to time the correction of a reading for 
any change of value which may appear. The excess of a circle 
division above a whole number of revolutions is called the error 
of runs, and a proportional part of this excess must be allowed 
on all readings. This error is to be found by measuring several 
divisions in different parts of the circle and taking the mean of 
all the results, in order to eliminate the effect of errors in the 
circle graduations themselves. For example, if a division exceeds 
five revolutions of the screw by + 2’’.2, then for each minute in 
the fraction of a division obtained ay ihe EOD we must 


error of runs will take the negative sign, ne the correction for 
it the positive sign, when a circle division falls short of a whole 
number of revolutions of the screw. 


23. To increase the accuracy of a reading, several microscopes 
are used, having a fixed position relatively to each other, by 
which the fraction of a division in the reading is measured at 
different points of the circle and the mean of the different mea- 
sures is taken. Two microscopes are placed so as to read at 
opposite points of the circle, that is, the angular distance of the 
microscopes is 180°, or differs but little from 180°; three micro- 
scopes are placed at 120°, four at 90°, &.; or, in ek what- 
ever the number of microscope, dies are pieced so as to divide 
the circle into equal portions. The whole degrees and minutes 
are read only at one of the microscopes. In large instruments, 
where the field of the microscope takes in but a part of a degree, 
the number of degrees and minutes of the nearest circle division 
is read off by means of an index outside the microscope, or, 
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indeed, wholly separate from it, the microscope being used 
exclusively to measure the fraction of a division. 


24. The probable error of a reading of one microscope being ¢, 
that of the mean of m microscopes ¢, we have (Appendix, 
Method of Least Squares) 


Vm 
that is, the probable error of the mean varies inversely as the 
square root of the number of microscopes. For example, if the 
probable error of reading of one microscope is 1’’, that of the 
" 


” 


mean of two willbe 9 = 0/7 (1: that-or four, a ==0' 7.0 ethane 


Six, E= 0’’.41, &c.; and the error will decrease but slowly as 


the number of microscopes increases. It would require sixteen 
microscopes to reduce the error to 0/7.25. On this account, the 
advantages of increasing the number of microscopes beyond 
four, except in instruments of the largest class, are usually 
regarded as outweighed by the greater liability of the apparatus 
to derangement. 

The use of a number of microscopes or verniers is, however, 
not solely to increase the accuracy of reading, but also to elimi- 
nate the errors of the circle itself, as will be seen in the following 


articles. 
ECCENTRICITY OF GRADUATED CIRCLES. 


25. The centre of the alidade is seldom, if ever, even in the 

best instruments, exactly coincident with the Fig. 13. 
centre of the graduated arc. To investigate 
the effect of such eccentricity, let C(Fig. 13) 
be the centre of the alidade, C’ that of the 
eircle; CA a straight line joining Cand the 
centre of one of the reading microscopes ; 
C’A’ a parallel to CA. When the micro- 
scope reading is at A, the true reading is at 
A’. Let the diameter drawn through C and C’ intersect the 
graduation at H, and let O be the zero of the graduation, which 
we will suppose is numbered from O towards A. Put 

z — the microscope reading, 

2’ = the true reading, 

E= £0, 

e = the eccentricity CC’. 
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It is to be assumed that such care has been bestowed upon the 
centring of the instrument that e is very small, and, therefore, 
that the arc 4A’ = z’— z may be regarded as equal to the per- 
pendicular CP: so that we have, since the angle HC’ A’ =z’ + E, 


zZ—z=esin(e’+ FL) (9) 


in which e must be expressed in are. In the factor sin (z’ + L) 
we may substitute z for 2’ without sensible error. 

When z’/+ H= = 90°, we have 2/— z= + e: so that ¢ is the 
maximum error of a reading, and this maximum occurs when 
the reading is 90° from &. 


26. Now, let AC and A’C’ be produced to meet the gradua- 
tion again at the opposite points B and B’, and let the alidade 
carry a second microscope at B. The degrees and minutes may 
be supposed to be obtained from the microscope A, while B is 
used only to give the seconds. Put 


z = the division of the circle under A, 
A and B = the readings of the microscopes, 
2’ = the true reading corresponding to A. 


Then the whole reading given by A is z + A, and by (9) we have 


é=2+A+tesin(e + £) 
and the microscope B gives 


180° + 2 = 180° 4+ 2+ B+ esin(180° + 2+ #) 
or 
Z2=2+ B—esine4+ BL) 


The mean of the two microscopes is then 
fie 1 CAB) 


Hence the eccentricity is fully eliminated by taking the mean of 
two microscopes 180° apart. In general, an even number of 
micrescopes are employed, which are arranged in pairs, so that 
the mean of each pair, and, consequently, of the whole, will be 
free from the eccentricity. 


27. The eccentricity may also be eliminated by three micro- 
scopes or verniers, whose mutual distance is 120°. If z+ A, 
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120° + 24+ B, 240°+ 2+ C are the readings of the three 
microscopes, the true reading corresponding to A will be 


2—2z+A—esin¢+ #) 
2=2z+B—esin (120° + 2+4 F) 
2e—2z+ C—esin (240° + 24+ F) 


and since, by Pl. Trig., we have 
sin (120° + z+ #) + sin (240° + z + EH) = — sin(z + E) 
the mean of these three equations is 
g=z+4(A+B+0) 


Indeed, it will readily be inferred from the discussion in Arts. 
31 and 82 that the eccentricity will be eliminated by taking the 
mean of any number whatever of equidistant microscopes. 


28. To find the eccentricity.—The two opposite microscopes may 
not be perfectly adjusted at the distance of 180°, and hence we 
shall here put 


180° + « = the angular distance of the microscope B from 4 ; 
and then, if we put, as before, 


z = the division under the microscope A, 
A and B = the readings of the two microscopes, 


the true readings will be 


ze—z+A+esin(ze+ F) \ 
180° +a+2— 180° + 24+ B+ esin(180° +2+ £#) 


for the second of which we take 


(10) 


Z2=2+ B—a—esin(é+ £) 


If, therefore, we put 
Be A—9) 


the difference of the two equations gives the equation of condition 
n=a-+ 2esin(e + EL) (11) 


in which a, e, and # are unknown. Let the values of n be 
obtained from the readings of both microscopes at four equidistant 


40 
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points of the circle, namely, Z 2-+ 90°, zy -+ 180,° and z+ 270°, 
and denote these values by 7%, 74, %, %, respectively: then, by 


=a-+ 2esinP 


utting 

i ‘ P=2,-- &, 

we have 
N =a + 2e sin P 
n,=a-+ 2esin(P+ 90°)=a-+ 2¢ cosP 
n, =o + 2e sin(P + 180°) = « — 2e sin P 
nN, =a + 2esin( P+ 270°) = a — 2e cos P 

whence 


4esin P=n, — n, 
4ecos P =n, — n, 


me) 


which determine both e and P, after which we have H= P— z,. 
The value of a is evidently the mean of the values of n. 


EXAMPLE. 


The readings of a pair of opposite microscopes of the Repsold 
Meridian Circle of the U.S. Naval Academy were as follows: 


Zz A 

oo | + 40 

90 + 6.9 
1300 eee 
270 —1 2 


E'vom these we obtain 


4é sin Ro El 


ACCOR ——= ==. 2) 
Joes MHN© Bel 
6 OLS 


Values of n= B— A 


— — 10".7 
— 20 .5 
— 21 8 

0 .0 


log 1.0453 
log n1.3118 
log tan P 79.7335 
log 4e 1.8676 


Hence, since z,= 0°, we have H= 151° 34’, and any single 
zeading of the microscope A requires the correction for eccen- 


tricity 


+ 5.88 sin (z + 151° 34’) 


The mean or the values of n gives a = — 18’’.25, ani the angular 
distance of the microscope B from A is 179° 59/ 46/’.75. 

The same process may be used for any other four equidistant 
points of the circle, and the mean of the various results may be 


taken. 


ECCENTRICITY OF GRADUATED CIRCLES. 4] 


29. With three nearly equidistant microscopes the eccentricity 
can be found from two complete readings at points 180° apart. 
Let the angular distances of the microscopes B and C from A be 
denoted by 8 and 7; and, z being the division under A, put 
P=z-+ EH; then we have, for the true reading at A, 


z+A+tesinP 
z+ B—f-+ esin(P + 120°) 
z+ C—y + esin(P + 240°) 


Subtracting the first equation from the mean of the other two, 
and putting 


fy 
is! 
a 


Ww i 


VBC) Aa 


n=i¢7+4+2esinP 
and subtracting the second from the third, and putting 


we find 


CO) 12) ead 
we find 
d—1(7 — 6) +4//3ecos P 
If we read a second time with the microscope A over the division 
2 -+ 180°, and obtain the readings A’, B’, C’, we shall have 


1 (Bi Oy — Al een! 
1(0’— B= a’ 


and since we shall have 180 + P instead of P, we shall obtain 


n= 4(7 + 6) —gesinP 
d'=1¢ —#)—iyp3ecosP 
(Tence 
esin P= 1(n — n’) 
ecosP = 11/3 (d—d’) 


which determine e and P. We find also 
p=4(B—A+ Bi— A+) 
=A AO) 


30. In order to determine the eccentricity with greater accu- 
racy, and to eliminate, as far as possible, errors in reading and 
accidental errors of graduation, the circle may be read at a great 
number of equidistant points. Each reading of a pair of oppo- 
site verniers or microscopes furnishes an equation of condition 
of the form (11), and from all these equations the most probable 
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value of the eccentricity will be deduced by the method of least 
squares. The computation according to this method is rendered 
extremely simple by the application of some theorems relating 
to periodic functions, which, on account of their utility in this 
and similar investigations, will be here demonstrated. 


31. Periodic Functions.—The circumference of a circle being 

denoted by 27, any commensurable fractional portion of it may be 
2 

expressed by 27 xi == ae p and q being whole numbers; and 


2px 


the successive multiples of this fractional portion by m-—— by 


supposing m to take successively the values 0, 1, 2, 8, &c. If 
now we consider only the multiples from m= 0, tom=q—I1, 
we shall have the following theorems: 


THEOREM I.— When p is not a multiple of q, 


2 
Fein m.—* = 0 (13) 
Pay een 14 
qd ey ( ) 
but, when p is a multiple of q, 
2, (a 
2 sin Toe al (15) 
5) 
F eos m. T= = (16) 


where the summation sign +’ is used to denote the sum of all 
the quantities of the given form between the given limits, namely, 
trom 7/010 Jig le 

To prove this, put 


Oe pe ee 
Cog ey at sin AEs fh 
q qd 
then, by Motvre’s formula [Pl]. Trig. (440)], 
Oe er 
cos ma Sy = mE 


Taking the sum of all the expressions of this form from m = 0, 
to m = gq — 1, we have 


GE Th 
Fo 1 (17) 


2, 7 ———— < Zs T 
Zcosm-—H= 4. Y= Ssin m. Laws 
g q 
But we have again, by Morvrn’s formula, 


T? = cos 2px + 7/ —1 sin 2pn = 1 
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and, consequently, T7—1—0. The second member of the 
above formula, therefore, becomes zero, unless the denominator 
L'— 1 is zero, that is, unless 7 = 1. Now, we can have T = 1 only 


2pr 2pr 


wien cin —=—— — (0) and cos—— 


= 1, that is, only when p is a mul- 
tiple of g. In all other cases we have, therefore, 


B eos m-=PE 4/1 1 J sin m- 0 


and, since the real and the imaginary terms must here be sepa- 
rately equal to zero, the first part of our theorem is established. 


When 7'= 1, the second member of (17) becomes but is not 
really indeterminate; for, going back to the geometric progres- 
sion of which this is the sum, we have 

T*—1 
T—1 


Gps le TON 4 Tila 
_ and hence, when p is a multiple of q, we have 
2 2 
apr ——S 5 apr 
Sees Ey SSN Si nS = 
qd iz q ; 


which establishes the second part of the theorem. 


Turorem II.— When 2p is not a multiple of 4q, 


y 

(sin m+ == +g (18) 
2px \? 

2( cos mE) 4g (19) 


but, when 2p is a multiple of q, 


2( sin m.=Ee) 0 (20) 
(cos m2" —g (21) 
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which, by Theorem I., gives either (18) or (20). Again 


2( cos m =P V— a1 —(sin m 20") 
q q 


which gives either (19) or (21). 


TuuoreM Ul.—Por all integral values of p and q we have, from 
ii 0 101 9 1, 
Qon 9 
Y sin m-—— cos m- oe | 
q q 


(22) 


for this is the same as the quantity 


32. Now, let the circle be read off by a pair of opposite micro- 
scopes, A and B, at any number of equidistant points. The circle 


is thus divided into a number of equal parts, each of which may 
20 


be denoted Da —— If the first reading corresponds to the divi- 


oe 


s10n 0, Oe subsequent readings will STONE (Ona 
CPs ee qo Fo Por 7 OC. 1012,4-(¢ — 1). Hach reading fur- 


nishes an equation of condition of the form (11), giving, therefore, 
the following system, where P= z,+ H: 


Nm =a + 2es8in P 
N,=a-+ 2e sin( P + =) 


n= a + 2esin( P+ =) 


NM _,=a-+ 2e sin ( P os “G— 5") 
which are all included in the general form 


n, = «4 2ésin( P+ =) 
m being taken from 0 to g — 1. 
Developing the sine in the second member, we have 


2m 2m 
nm =at 2e sin Peos = + 2e cos P sin —— 


m 
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In this form, the three unknown quantities are a, esin P, and 
ecos P. The final equation in each unknown quantity, according 
to the method of least squares, is to be found by multiplying 
each equation of condition by the coefficient of the unknown 
quantity in that equation, and adding together the products. 
This process gives, by the aid of the theorems of the preceding 
article (observing that here p = 1), 


(23) 
. 2Mn 
gé cos P = 2( Ue = 
qd 
These formule embrace, as a particular case, the solution already 


given in Art. 28 for g = 4. 


EXAMPLE. 


The following values of n = B— A were obtained from the 
readings of two opposite microscopes of the meridian circle of 
the U.S. Naval Academy: 


Zz nr z nu Zz n z n 
0° | —10”.7 || 90° | — 20.5 || 180° | — 21”.8 || 270° 0”.0 
10 11 .6 || 100 20 .7 || 190 18 .3 || 280 1S 
20 12 .8 |) 110 21 .0 || 200 16 .4 || 290 2 4 
30 14 .7 || 120 21 .2 || 210 11 .8 || 300 | 4.5 
40 16 .3 || 180 22 .8 || 220 7 .8 || 310 OL 
50 17 .3 || 140 24 .7 || 230 4 .3 || 320 TA 
60 18 .5 || 150 23 .4 || 240 1 .9 || 330 9 4 
70 18 .1|/ 160 22 51/250 | — 2 .0 || 340 17 
| 80 TOS ATO 22 311260 | + 0 3 11350 11 .6 
; 2a 2m . : 
_ We have here g = 36, and —- = 10°: so that ee successively 


0°, 10°, 20°, &. We find, first, by taking the sum of all the 
values of 7, 
36 a = — 476".2 a = — 13”.23 
and hence the distance of the microscope B from A was 
WGo> 59’ 46"! 77. 
To find gesin P, we multiply each n by the cosine of the angle 
to which it belongs, and add the products. In like manner, 


46 MEASUREMENT OF ANGLES. 


gecos P is found by multiplying each 7 by the sine of the angle 
to which it belongs, and adding the products.* We thus form 
the following table, in which, for brevity, we put ncosz 


and nsinz for the quantities denoted in our formule (23) by 
) ‘ao 


_ Ve 


2mx 4 
n. cos —— and 7, sin 
m qd m 


Zz nN COS Zz nm sin Zz Zz N COS z n sin 2 
0°; —10”.70 |— _ 0”.00 180°} + 217.80 ; + 0.00 
WO) |p i Ae ee OI 190 | +18 .02!|4 8 .18 
20512 BOS Ne eds * 1200 Weasel) een Sean 
30 | —12 .73 |— 7 .85 210 | +10 22); + 5 90 
40 | —12 49 |— 10 48 220 | + 5 .98;}+ 5.01 
OOF | 11 212°) — 13°25 230 | + 2.76) + 3 .29 
CO = 9.25 }-— 16°.02 240 | + 0.95) + 1 .65 
(Ow G1 Va 1 OL 250 | + 0 68 | + 1 .88 
80 | — 3 42 |— 19 .40 260 | — 0 05} — 0720 
90 0 .00 |} — 20 .50 270 0 .00 0 .00 
100 | + 8 59 |— 20 .39 280 | — 0 .28 | 4+ I .28 
ALO | - % 18.)—~. 19 273 290 4; — 0 82) | -2 2 226 
120 | + 10 60 |— 18 26 300 | — 2 25 | +~-3..90 
130 | + 14 66 |— 17 47 310" |=. 3 228) -E aot 
140 | + 18 .92 |— 15 88 320 | — 5 .67 | + 4 .76 
150 | + 20 .26 |— 11 .70 830 | — 8 14} + 4.70 
160 | + 21.14|— 7 .70 340 | —10 .99); + 4 .00 
170} + 21 96): — 23.87 350 | — 11°42) + 2 .01 
Sums} + 28 .96 | — 225 .50 + 82 .97 | + 538 .04 
86esin P= + 287.96 + 32.97 — + -61'.98 log 1.7919 
362 cos P = — 225 .50 + 53 .04 — — 172 46 log n2.2367 
cere is Akay log tan P n9.5552 
e= 5.09 log 86¢ 2.2630 


Then, since z,= 0°, we have H= P, and each reading of the 
microscope A requires the correction, for eccentricity, 


+ 5.09 sin (z -+ 160° 15’) (24) 


* The several products may be taken by inspection from a traverse table, by enter- 
ing the table with the angle z asa “bearing” and with n as a ‘‘distance,” and taking 
out the corresponding ‘‘difference of latitude” and ‘‘departure,’’ which will be, 
respectively, the products required in forming gesin P and ge cos P. 
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ELLIPTICITY OF THE PIVOT OF THE ALIDADE. 


33. If the pivot of the alidade is the horizontal axis of a 
vertical circle, as in the case of some meridian circles, or if, as 
in other cases, the alidade is fixed to a pier while the pivot of 
the horizontal axis of the circle revolves in a V, then any defect 
in the pivot, which renders a section at right angles to its axis 
other than a circle, will cause the centre of the alidade to vary 
its distance from the centre of the graduated circle during a 
revolution of the instrument. If the section of the pivot is any 
regular figure, the variations in the readings of a single micro- 
scope may be regarded as a function of the division (z) which is 
under the microscope, and the correction of this reading may be 
denoted by ¢(z). The correction of the reading of the opposite 
microscope must be — ¢(z). In order to investigate the form of 
the pivot without involving the errors of eccentricity or of gradua- 
tion, let us denote the correction of the division z for both these 
errors by W(z), and that of the division 180°-+ z, which is under 
the opposite microscope, by (180° + z). Then, A and B being 
the readings of the microscopes, and 180°-+ a their constant 
distance from each other, we have 


at 
a 


ea A ie ee ead) 
Zé=—2+ B—a — g(z)+ ¥(180° +4 2) 


0= B—A—a—2¢(2)—4¥() + ¥ (180° + 2) 


Now, let the division 180°-+ z be brought under the microscope 
A, and let A’ and B’ be the microscope readings; then we have 
the true reading z’’ by the equations 


Ho == 180° 4 2 A 4+. g(180° + 2)-+ 4 (180° + 2) 
i= 1S0 ez Bly ol P8002) | 42) 


whence 


whence 
Dees BA) ge 0 vee) 192) — 1 (180) 
therefore, if we put 


(Been B Aly er 
we have 


n’ =a + o(2)+ ¢ (180° + 2) (25) 


the errors of eccentricity and of graduation being wholly elimi 
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nated. The form of the function g is yet to be determined; 
since, however, it necessarily returns to the same value after one 
complete revolution, we may assume for it a general periodic 
series, namely: 


e@=f' sine + F’) +f" sin(@z4+ F") + f" sin (Bz-+ F") + he. 
in which f’, F’, f", F'"", f’", F’”, &c. are constants. Hence also 
g (180° 2) ==—f’ sin (2+ F) +f" sin (22+ PF”) sin (82+ PF”) + &e. 
and 

g (2) + ¢ (180° 4 2) =2f" sin (224+ FF") +27" sin(4z+ F") + &. (26) 


The combination of two readings 180° apart gives, therefore, 
the equation of condition 


na + 2f"sin (22+ F”) 4+ 2f"sin (42+ F")+&e. (27) 


If we have read the circle at 2q equidistant points, so that the 
number of such equations is qg, then the values of z are success- 


: r 2 —1 ‘ 
ively 0, we a reves @ ji )* and the general form of the equation 


of condition is 


2 7G 
v a+ 2y"'sin ( m. ag Br") + 2prsin (m2 4 Fr) +8 (28) 


m being taken from 0 tog —1. If we treat these equations by 
the method of least squares, we shall readily find, by the aid of 
the theorems of Art. 31, 


qa = 2 
eee ” , an 
qf" sin F = 3 n', 008 m. =) 
Os COS Te (w sin m =) 
2 q (29) 
ioe : ‘ An 
gf" sin £* == 2) n’- cos m=) 
; , 4n 
qf" cos P= 2(nl, sin m=) 
| 


&e. &e. : | 
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EXAMPLE. 


To investigate the form of the alidade pivot of the meridian 
circle, in the example of Art. 32, the readings there given are 
combined as follows : 


Gaze eB A | BY A’ n! 2 Be SAN OR aes n! 

1, 0° |— 10”.7| — 21" 8 |— 16.25 || 90°1—207.5 |— 0”.0' |— 10”.25 
10 117.6), 1S B02 14.95.41) 100 | 20.67 1633 112-00 
20 12.8; 164) 14.60|| 110) 21 .0 2A 11e7o 
30 LES are Cay aR Meee) Ole oe 4.5} 12 85 
40 16 38 7 Slee 205 | 1804 -29h8 5 1) e305 
50 13 AB 10.280 1 140) 1 (24h, 1 AN ELGeOsm 
60 18 5 1295) 10.20 150 |) 2384 9.4] 16 .40 
70 oe eee 0) 1005 160)| Seah i 7 el eto 
80 19597) E03 9270 ol7Oln 222 a sce ti et Groon 


Since here g = 18, the sum of the values of n’ gives 
180 = — 238.10 a = — 18".23 


Then, with the aid of a traverse table, we find the values of 
n’ cos 2z and n/ sin 2z, as below: 


zZ n' cos 22 n’ sin 22 2 n' cos 22 n’ sin 22 
Goa NG E25. ee OL 00u 905s) 2 10°25 | 15, 0.00 
10m 4 105 se ow (ee e00 |) 107.84 Ls Ba76 
20 | —1]1 18 | — 9.38] 110 | + 8 96| +4 7 52 
SOM) Gyo lieder) 120m 6743.) 310 18 
40 oi) 2.09 1 1 ee 7aW 10 | + 2.42) 13.74 
BO LACS pi st Omo ae 140) 2. TON et 81 
60) eb 10 rie See sre150 = 8).200 | las. 20 
RO. | a-. T) 704) = "6.46 ton 1) ts te oy 
SO 9.12) — 3 82 170 ne 15 08a eee 80 
Sums | — 26 .40 | — 67 .10 = AEG 2 alee 6205 
18 f’ sin F” = — 28".02 log n1.4475 
18 f” cos F” = + 15 .85 log 1.2000 
F’= = 299° 80! log tan F” n0.2475 
fl= 1”.79 log 18 f” 1.5078 


Vou. I1.—4 
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In the same manner, we find, from the sums of the products 
n’ cos 4z and n’ sin 4z, 


18 f*sin P= + 015 
18 f* cos Fi” = + 2'7.00 
LUM = ANON afl! 
Ff — OVAL 
Hence we have 


¢ (2)-+-¢ (1802+ z)=8".58 sin (2 2+-299° 30/) 07.22 sin (424+4°17/) (80) 


The term in 4z is so small that we may suppose that it proceeds 
from the accidental errors of reading, and irregularities of the 
pivot, and we may, therefore, disregard it, as well as the subse- 
quent terms in 6z, &ce. 

Busse has shown* that if the section of a pivot which rests in 
a V is an ellipse, the centre of this ellipse will, as the instrument 
revolves, move in -the arc of a circle the centre of which is the 
angular point of the V +, that during a complete revolution the 
centre of the ellipse describes this are four times,—twice forwards 
and twice backwards; and that the effect of this motion upon 
the reading of a single microscope is expressed by a term de- 
pending upon 22. 

Hence, the last term of (80) being neglected, the remaining 
term may be regarded as the effect of ellipticity of the pivot, and, 
since we must then have g (z) = g (180° +2 ), it follows that 


g (2) = 1".79 sin (2z + 299° 30’) (31) 


Upon the hypothesis that the pivot is elliptical, the observed 
values of n’ should satisfy the equation (27), which in the 
present case becomes 


n! = — 18.23 + 3”.58 sin (2z + 299° 30’) 


at least within the errors of reading. To show that this 
hypothesis explains the observations in the present case suffi- 
ciently well, the following comparison is made, in which the 
value of n’ computed by the preceding formula is denoted by 
C;, the observed value by O, the residual error, or O — C, by »v. 


* Astronomische Beobachtungen auf der Sternwarte in K dnigsberg, Vol. I. p. xii. 
+ Provided the angle of the V is ninety degrees. 


ERRORS OF GRADUATION. ol 


ee oO C » ww z O Cc » vv 


0° |— 16”.25/— 16”.35|+ 0.10} 0.0100]|- 90°/— 10”.25|— 10”.11|— 07.14] 0.0196 
{| 10 14 .95) 15 .55)/4.0 .60} .8600||100 11 .00} 10 .91)—0 .09] .0081 
20 14 .60) 14 .48|—0 .12) .0144)/110 11.70) 11 .98/4-0 .28) .0784 
30 13 .25} 18 .26)/+0 .01| .0001)/120 12 .85) 138 .20)4-0 .385] .1225 
40 12 .05} 12 .03/—0 .02| .0004|/1380 18 .95) 14 .43)4-0 .48} .23804 
50 10 .80} 10 .95)/-+ 0 .15} .0225)/140 16 .05| 15 .51;/—0 .54} .2916 
60 10 .20) 10 .15|—0 .05} .0025)|150 16 .40} 16 .81/—0 .09| .0081 
70 10 .05 9 .71;—0 .34) .1156]}160 17 .10) 16 .75|—O .35) .1225 
80 9-70 9 .70{ 0 .00) .0000/|170 16 .95| 16 .76|—0O .19] .0361 


If we denote the mean error of a single observed value of 7/ 
bye, we have (Appendix, Method of Least Squares), q being the 
number of observations, 


ae < (2) 14428 ese 


17 

and this quantity also expresses the mean error of a single 
reading of one microscope of this instrument. This mean error 
of a reading was also found by comparing a number of successive 
readings of the same microscope on the same division, which 
gave 0/’.36: so that the agreement of the above computed and 
observed values of 7’ is even closer than is necessary to sustain 
the hypothesis of an elliptical form of the pivot. It is also evi- 
dent that the addition of the term 0’’.22 sin (4z -++ 4° 17’) of (80) 
would but slightly reduce the mean error of 7’. 


34. The error introduced by the ellipticity of the pivot, like 
that produced by the eccentricity of the circle, is fully eliminated 
by taking the mean of the readings of a pair of opposite micro- 
scopes. If, however, the arms of the alidade, carrying the 
microscopes, do not preserve a constant inclination to the horizon 
during a revolution of the instrument, the readings of both 
microscopes will be increased or diminished by the whole 
amount of the change of inclination, and, consequently, their 
mean will involve the same error. <A level placed on the alidade 
is usually employed to determine these changes of inclination, 
and the readings are finally corrected according to its indications. 


ERRORS OF GRADUATION. 


35. Errors of graduation of a divided circle may be either 
regular or accidental. 
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The regular or periodic errors are those which recur at regular 
intervals according to some law, and which may, therefore, 
be expressed as functions of the reading itself. Even the error 
of eccentricity, above considered, may be treated as such a 
periodic error of graduation, since its effect upon the reading 
(z) is the same as if the graduation everywhere required the 
correction esin(z + #). The sum of all the corrections for such 
periodic errors, regarded as a function of the reading (z), and 
denoted by 1 (z), must have the general form 


4 (2) =w' sin (z+ U’) 4 w"sin (22+ U")4 wl’ sin (82+ U"") + &e. (82) 


in which wu’, U’, u’’, U"’, &e. are constants. The shorter the 
period of any error, the higher is the multiple of z in the term 
representing it. 

Now, let the circle be read by g microscopes at g equidistant 
points, namely, at all the points expressed by 


2x 
2,2 + mM. — 
q 


m being taken successively 0, 1, 2,3..... (q — 1), and 2 being 
the reading of the first microscope; then we shall have, for the 
correction of any one of these microscopes, the general expression 
1 &¢. 


7 


i 


27 
¥(2,)=w sin (2+ U'+-m 2) 4 ulsin( 22 U" m 


The discussion of this series will be abridged if we express it 
under the following general form: 


, 2pr 
¥(Z,,) = =, u® sin (v2 + U®+m. OF 
in which p is successively 1, 2, 8, &., and ¥, denotes the sum 
of all the terms thus found. Developing the sine, this gives 


+ ,,) =2, u® sin (pz-+ U®) cosm- “Be +2u cos(pz+U™)sinm- = 


The mean of the g microscopes will, therefore, require the cor-' 
rection 


oc (2,,) = : *) | sin (pz + U%2)) é v0 GOs a a) 


m=q 
y 
ho 
m=0 


ao 


S| = 


5, Jur cos (pz + U™). 3" ‘sin m- a 
m=0 
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But we have (Art. 31), from m=0 to m=q—1, JY sin mE a 0) 


: 2 
in all cases; and also ¥ cosm-—~ — 0, except when p is a mul- 


tiple of g, or p = rq, in which case this latter sum is equal to q. 
Hence all the terms of the above expression which do not vanish 
are expressed by the formula 


Le =q-l1 
Y 2) =, Uo sin (rgz 4+ Ue) (83) 
m=0 
r being successively the integers 1, 2, 8..... ; whence the fol- 


lowing important theorem: The terms of the periodic series not 
eliminated by taking the mean of q equidistant microscopes are those 
only which involve the multiples of qz. 
Thus, the mean of two microscopes requires a correction of 
the form 
wu” sin (22 +U") + wu sin (42 + UY") + &e.; 


the mean of three microscopes, the correction 
wv" sin (82 + U0") + u% sin (62 + U") + &e.; 
the mean of four microscopes, the correction 


uv sin (42 + U) + usin (82+ UM) + &e. 
&e. &e. 


36. The values of the terms of the periodic series which are 
eliminated by means of a number of microscopes may be found 
from the readings of these microscopes themselves. Thus, for 
two microscopes, the readings of which at the divisions z and 
z + 180° are A and B, and whose angular distance is 180° + a, 
we have 


g=z2+tA + ¥(2) + ¢ @) 
g=2+ B—a+4@ + 180°)— ¢) 


tn which ¢ (z) is the correction for the form of the pivot (Art. 33). 
Hence, putting B— A =n, we have 


n=a + ¥(z)—¥ + 180°) + 29 (2) 


But we have 

(2) = usin (g +0’) 4+ uv" sin (22 + U") + wi" sin (82+ U"") + &e. 
and hence, substituting z + 180° for z, 
4(e-+180°) = —w' sin(z + U")--w"’ sin (22+ U")—w' sin(82 + 0") +&e. 
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For ¢ (z) we have already found the form f’’ sin (22 + F'””), and 
therefore the value of n becomes 

n=a+2 u'sin(e+ U')+2f"sin (22+ F")+2w' sin (82+U")-+ &e. (84) 
The readings being made for successive values of z expressed 
generally by 


bo 


TT 
en = M- — 
g 

we have q equations of condition of the form 


nN, =a-+ 2u'sin (m2 40") +27" sin (ms FY) + be (35) 


m being taken equal to 0, 1, 2, 3....q¢—1, successively. The 
solution of these equations by the method of least squares gives 


2a 
OA a = 2%, COS 72.) 

2 
gu cos == 2 = 
= 2 (n,, cos 22) 


” (Pas! BSN —— 7 » 
Ofie COGmH. ase, ==) (esi ac.) 


| 
| 
af sin BY = 2(n,c00 nS? 
| 
| 
| 


: a 
Wl as ) 6x y 
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qu” cos U'"" = X( n, sin m. — )= F (n, sin 3z,) 
m q ™m 
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EXAMPLE. 


The values of n given on page 45 for thirty-six readings of the 
Meridian Circle of the Naval Academy give, by the preceding 
formule, a = — 13’’.23 and 

UF== 1607157 b= 299-308 Use O82 9; 
u'— 5.09, fl 1.79, uw — 0.69 


The difference of the readings of the two microscopes A and B 
of this circle is therefore represented by the formula 


n = — 13.23 + 10.18 sin (z + 160° 15’) + 8”.58 sin (2z + 299° 30’) 
+ 1.38 sin (82 -+ 68° 19’) 
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of which the terms in z and 2z of course agree with those before 
found for the eccentricity and for the ellipticity of the pivot of 
the alidade. 

If now we compute the values of n by this formula for every 
10°, we shall find that they agree with the observed values given 
on page 45 within quantities which in almost every instance 
are less than 1’. From this agreement we may presume that 
this circle is very accurately graduated throughout. 


37. In a similar manner, the terms of the periodic series which 
do not involve the multiples of 4z can be found from the read- 
ings of four microscopes. If A, C, B, D are these readings at 
the divisions z, z + 90°, z + 180°, z + 270° respectively, and if 
180° -++ @ is the distance of the microscope B from <A, while 
180° +7 is that of D from C, then the mean of the readings of 
A and B gives 


=2+ 3(A+ B)— 40+ 3[¥@) + ¥ + 180°)] 
=2+3(A+ B)—ta-+4 wv" sin@z+ U0") + usin 42+ U)+ &e. 


and, consequently (exchanging z for z + 90°), the mean of the 
readings of Cand D gives 


al 


g2=2+4(C4+ D)—ty—v'sinQz+U0") + vi sin (42 + U0) — ke, 
Taking the difference of these equations, and putting 


ah CE DV (Ars. BY 
[ee GET) 


we have the equation of condition 
n= f+ 2u’sin(2z2 +U") 4+ 2u"sin (6z+U%)+ &. (86) 


and from the q equations of this form we derive f, w/’, U’’, &c. 
by the process already employed. 

The terms in z and 3z may be found from either pair of micro- 
scopes as in the preceding article. 


38. The accidental errors of graduation are those which follow 
no regular law, and may with equal probability occur at any 
given division with either the positive or the negative sign. An 
error of this kind in any division is to be regarded as peculiar to 
that division, and, therefore, as having no analytical connection 
with other errors of the same kind. The use of a number of 
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microscopes tends to reduce the effect of such errors, without 
entirely eliminating them; for (as in Art. 24) if ¢ is the probable 
accidental error of a division, the probable accidental error in 


> 


. 5 é 
the mean of m microscopes will be aa 


The general character of the graduation, as to its freedom 
from accidental errors, may be judged of by comparing the 
values of the n of the preceding articles, computed from the 
terms of the periodic series, with their observed values. The 
differences will be composed of both errors of reading and acci- 
dental errors, which may be separated by employing an inde- 
pendent determination of the probable error of reading. Thus, 
if we have n = B— A, and have found the probable error of an 
observed value of n to be ¢, and then, if we put 


e, — the probable error of a single reading, 
&, = hs ss : Ce cs division, 


the probable error of either A or B will be //(¢?-+ «,”), and that 
of B— A will be 7/2 (¢,’-+ ¢,”), whence 


e&— 2 Gy + ¢,7) 


which will determine ¢, when ¢ and ¢, have been found. 


39. The accidental error of any division of the circle may be 
directly found by means of an additional microscope which can 
be set and securely clamped at any given distance from the 
regular or fixed microscopes. Let us denote this movable 
microscope by JM, and let it be proposed to determine the error 
of the division z. Bring the division 0° under the microscope 
A, and clamp the movable microscope M over the division z. 
Let the true angular distance of M from A (which is as yet 
unknown) be denoted by z + y, and let the readings of the two 
microscopes, referred to the divisions 0 and z respectively, be 
called A and M, then, z denoting the nominal value and 2’ the 
true value of the are from 0 to z, we shall have 


Ztp=24+M—A 
and the correction of the graduation z will be 
2— 2z =p —(M—A) 


® 


or rather, since every division (and, therefore, 0° included) may 
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be regarded as in error, this will be the difference of the correc- 
tions of the graduations 0 and z, and we may write 


¢(@) —¢(0) =n —(M—A) (87) 


in which ¢ (z) denotes the total correction of a division for both 
periodic and accidental errors. The periodic errors being known 
from previous investigation, the accidental error may be separated. 

Now, to find the constant distance p, we resort to the well 
known method of repetition. First, bring any arbitrarily selected 
division Z under the microscope A, then Z-+ z will be under 
M; let the readings of the two microscopes be A’ and WM’ re- 
spectively. Then bring the division 7+ z under A, and, con- 
sequently, the division Z + 2z under M, and let the readings be 
A’’ and M’’. In this way, let m repetitions be made, the micro- 
scope A being successively placed upon the divisions Z, Z + z, 


Zi 22,0 ices 4+ (m—1)z2, and M successively upon Z + z, 
Z+ 2z, Z-+ 8z,..... 4+ mz; then we have, as in (87), 
g(4+2 )—9(4) a aa UE aa| 


g(4Z + 22)— 9(44 2)=4—(M" —A") 
g(Z + 82)— ¢(Z4 22)= » —(M"— A”) 


¢g(Z +mz)— o(4+ (m—1)z)=p—(M™— A) 


The mean of all these equations is 


+ [e(Z-+m2) —9 A =a—= 2(M—A) 


If the number m is large, the mth part of the difference of the 
accidental errors of the extreme divisions Z and Z + mz may be 
regarded as evanescent, and then, if we regard the first member 
as composed only of the periodic errors already found, we shall 
have : 
| pal D(M— At IW Z+m)—1D) 8) 
where the function »y denotes a periodic error, as in Art. 85. If 
this process be repeated a number of times, each time commencing 
at a different division, the mean of all the values of » may be 
regarded as entirely free from the effect of the accidental errors 
of the first and last divisions. Thus, » being found, the correc- 


tion of the division (z) becomes known by (87). 


27 
If z is an aliquot part of the circumference = ~~» we shall have 
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yg (Z-+ mz) = ¢(Z), since we have returned to the same divisiox ; 
and the value of yw is then rigorously 


mee 
t= iA) 


: : pee 
Thus, the fixed microscopes themselves, whose distance is os 


may be at once employed in this manner (without an additional 
microscope) to determine the errors of the divisions whose 


; aa : 
mutual distance is —- If then we have four fixed microscopes 


and one movable one M placed at the distance z from A, we shall 
be able to find: Ist, the errors of the four cardinal divisions 0°, 
90°, 180°, and 270°, by the fixed microscopes; 2d, the errors of 
the divisions z, 90° + z, 180° + z, 270° + z, by placing the micro- 
scope A successively upon 0°, 90°, 180°, and 270°, and reading M; 
3d, the errors of the divisions 90° — z, 180° — z, 270° — z, and 
360° —z, by placing M successively upon 90°, 180°, 270°, and 
360°, and reading A. Thus, after the errors of the four cardinal 
divisions are known, the operation just described gives the errors 
of eight divisions. A second operation with the microscope M 
at the distance z, from A gives in like manner the errors of eight 
more divisions, 2: 2,,.90° =: 2,, 180° s272 210" 2 2 and morc. 
over, the errors of the divisions + z + z,, 90° z+ 2, 180° +2 
a 2, 210° + 2-2, -by placing the microscope A overaaz 
90° + z, &. successively while Mis over.+= z+ 2,, 90° = 2 2, 
&e., or placing M over + z, 90° + z, &e. successively while A is 
over -+ z — Zz, 90° + 2—z,, &. By judiciously combiminssat 
the observations of this kind, the corrections of each degree of 
the circle may be found. 

In order to eliminate the effect of changes in the angular 
distance of the fixed and movable microscopes occurring during 
the observations and produced chiefly by changes of temperature, 
it is proper to repeat each series of observations at a given dis- 
tance z backwards, commencing this repetition by placing the 
movable microscope M over the last division Z + mz and the 
fixed one A over Z-+ (m—1)z, and so returning to the first 
assumed division Z Also the readings on the eight divisions to 
be determined should be made several times, say, once before 
the first or forward repetition series, again, between the two 
repetition series, and finally, after the second or backward repe- 
tition series. Thus, the whole operation will embrace 
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Ist. Observations on the eight divisions, 
2d. Repetition series forwards, 

3d. Observations on the eight divisions, 
4th. Repetition series backwards, 

5th. Observations on the eight divisions. 


By this symmetrical arrangement, the mean of the three deter- 
minations of the errors of the eight divisions corresponds to the 


mean state of the apparatus as found from the mean of the two 
repetition series.* 


THE FILAR MICROMETER. 


40. For the measurement of small angles, not greater than 
the angular breadth of the field of the telescope, graduated cir- 
cles may be wholly dispensed with, and a micrometer attached 
to the eye end of the telescope may be substituted with great 
advantage both in respect of accuracy and facility of manipula- 
tion. Indeed, for many purposes to which the micrometer is 
adapted, divided circles are entirely out of the question; for 
example, the measurement of the angular distance between the 
two components of a double star. 

Micrometers, however, are very frequently used in combina- 
tion with graduated circles; as in the meridian circle. 


41. The filar micrometer is the same in principle as the micro- 
meter employed in the reading microscope (Art. 21), only more 
elaborate and complete when intended to be used at the focus 
of a large telescope. It is variously constructed, according to 
the instrument with which it is to be connected. A very com- 
mon form which involves the essential features of all the others 
is sketched in Plate IL. Fig. 8, where the outside plate and the 
eye piece are removed and the field of view exhibited. The 
plate aa is permanently attached to the eye end of the telescope 
tube at right angles to the optical axis. The plate 66, carrying 
the thread mm, slides upon aa, and is moved by the screw B. 
The plate cc, carrying the thread nn, slides upon 6), and is 
moved by the screw C. The threads are at right angles to the 


* This process, which is due to Bussxx, will be found more fully discussed in the 
Kénigsberg Observations, Vol. VII., and in the Astron. Nach., Nos. 481 and 482. See 
also C. A. F. Peters, Untersuchung der Theilungsfehler des Ertelschen Verticalkreises 
der Pulkowaer Sternwarte (St. Petersburg, 1848); and Hansen in the Astron, Nach., 
No. 388. 
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direction of the motion produced by the screws. Their dis- 
tance apart is changed only by the screw C, which carries a large 
graduated head, by means of which this distance is measured. 
The screw B merely shifts the whole apparatus 6), so that the 
threads may be carried to any part of the field of view. A 
notched scale in the field of view, the notches of which are at 
the same distance apart as the threads of the screw CG is at- 
tached either to the plate 0, or to the plate cc (in the figure, to 
the latter); in either case the number of notches between the 
threads indicates the whole number of revolutions of the screw 
by which the threads are separated, while the graduated head 
of C indicates the fraction of a revolution. Finally, at least 
one thread is stretched across the middle of the field at right 
angles to the micrometer threads: sometimes three or more 
equidistant and parallel threads; these are usually attached to 
the plate 66. In micrometer measures the thread mm usually 
remains fixed while nn moves: the former is therefore usually 
called the fixed thread, and the latter the movable thread. The 
threads at right angles to these are called transverse threads ; 
sometimes transit threads. 

That portion of the telescope to which the micrometer is im- 
mediately attached is a tube which both slides and revolves 
within the main tube of the telescope, so that (by sliding) the 
plane of the threads may be accurately placed in the focus of 
the object glass, and (by revolving) the threads may be made to 
take any required direction. 

To measure directly the angular distance between two objects 
whose images are seen in the field, we have first to revolve the 
whole micrometer until the middle transverse thread passes 
through the two objects; then, bringing the fixed thread upon 
one of the objects and the movable thread upon the other, the 
distance is at once obtained in revolutions and parts of a revolu- 
tion of the micrometer screw. This measure is then to be re- 
duced to seconds of arc, for which purpose the angular value 
of a revolution of the screw must be known. 


42. To find the angular value of a revolution of the micrometer 
screw.—This value evidently depends not only upon the distance 
of the threads of the screw, but also upon the focal length of 
the telescope, since the greater the focal length, the larger will 
be the image of any given object. 
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_A FIRST METHOD of finding the value of the screw is, there- 
fore, to measure the focal length, F, of the object glass, and the 
distance, m, between the threads of the screw (which is done by 
counting the number of threads to an inch); then, if R denotes 
the angular value of a revolution, we have 


1 
fate eee ne pie oe 
ff Hsin 


(89) 


as is evident from Fig. 2, p. 13, where we may suppose dl, at 
the focus of the lens AB, to be the space through which the 
micrometer thread is moved by a revolution of the screw, and 
the angular breadth of the object DJ, of which dl is the image, 
pomven Clr (C0, and Ci =F, dl =m: 


43. SeconD Mrrnuop.—Measure with the micrometer any pre. 
viously known angle A, and let M be the number of revolutions 
of the screw in the measure; then, assuming that the middle 
point of A is observed in the middle of the field, 

tan ti ee or, nearly, Eb = (40) 
The sun’s apparent horizontal diameter (see Vol. I. Art. 134) 
may be used for the angle A, if the field is sufficiently large to 
embrace the whole image of the sun, which, however, is the 
case only with small instruments, or with low magnifying powers. 

The constellation of the Pleiades furnishes pairs of stars at 
various distances, suited to instruments of various capacities: 
and BrsszL determined their distances with very great accuracy 
with a view to this as well as other applications.* 

The angle A in (40) is the apparent angular distance measured, 
so that, when two stars are employed, their apparent distance 
must be computed by subtracting the correction for refraction, 
for which see Chapter X. 


44, Tutrp Mrtuop.—Point the telescope at a star, and let the 
micrometer be revolved so that the transverse thread will coin- 
cide with the apparent path of the star in its diurnal movement, 
and the fixed micrometer thread will represent a declination 
circle. Place the movable thread at any number J of revolutions 


——_.. —- ——_——_ 


— 


* Bessut’s Astronomische Untersuchungen, Vol. I. p. 209. 
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from the fixed thread, and note the times of transit of the star 
over tlicse threads by the sidereal clock, the telescope remaining 
fixed during the whole observation. Denote the sidereal in- 
terval between these times by J, the declination of the star by 
é, the true angular interval of the threads by 7; then (as will be 
proved in the theory of the transit instrument) we shall find 7 by 
the formula 


sin 7 = sin J cos 6 (41) 
or, when the star is not within 10° of the pole, 
= CORIO (41*) 


after which the value of a revolution of the screw in seconds of 
are is found by the formula 
_ 15a, 157 cos 6 


R= 7 =p (42) 


For extreme precision, the correction for refraction should be 
applied to 7; but if the observations are made near the meridian 
the correction will rarely be appreciable. 

We may in this process dispense with the use of the fixed 
thread by setting the movable thread successively at different 
points in the field, and noting the times of transit of the star 
over it together with the number of revolutions of the screw 
between the successive positions. In this way the regularity of 
the screw may be tested throughout its whole length. If the 
star is very near the pole, each observation should be compared 
with that made near the middle of the field, and the true inter- 
vals computed by the formula sin 7 = sin [cos 0. 

This method is applicable in all cases where the micrometer 
can be revolved so as to place the fixed and movable threads in 
the direction of a declination circle. If the telescope is equa- 
torially mounted, this can be done 1n all positions of the instru- 
ment, and the star may be in any part of the heavens; but a 
slow moving star near the meridian is to be preferred, if we 
wish to avoid the correction for refraction. 

The times of transit are supposed to be observed by a sidereal 
clock, the rate of which if it is large should be allowed for. _If 
the time is noted by a mean time clock, the mean intervals are 
to be converted into sidereal intervals (Vol. I. Art. 49). 
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45, If the micrometer is attached to an instrument designed 
only for the measurement of zenith distances, or differences of 
zenith distance (as in the case of the Zenith Telescope), the 
movable threads being always perpendicular to a vertical circle, 
we can still employ this method of transits, by observing the 
pole star, or any star near the pole, at the time of its greatest 
elongation. At this time the vertical circle of the star is tangent 
to its diurnal circle, and, consequently, the micrometer thread 
will coincide in direction with this declination circle, as required 
in the preceding method. If the instrument is not moved in 
azimuth during the star’s transit through the field, the formula 
for computing the interval 7 from the sidereal interval J is still, 
as in the transit instrument, sini = sinJ cosé; but it must be 
observed that this formula here applies strictly only to the case 
where the thread is at one time at the point of greatest elonga- 
tion, and therefore each observation should be compared with 
that taken nearest the computed time of elongation. To find 
this time, we first find the hour angle ¢t of the star by the for- 
mula (Vol. I. Art. 18) 


cos t — cot 6 tang 


in which g is the latitude of the place of observation; and 
then, a being the star’s right ascension, we have 


Sid. T. of gr. elongation =a +t 


the lower sign for the eastern elongation. 

If the instrument is slowly moved in azimuth as the star 
crosses the field, so as to make each observation of a transit in 
the middle of the field, the vertical distances between the differ- 
ent positions of the movable thread are, rigorously, differences 
of zenith distance, and the formula for the transit instrument is 
no longer strictly applicable. I shall show, however, that it is 
practically sufticiently exact. Let the zenith distance, hour 
angle, and azimuth of the star at the elongation be denoted by 
Z tb, and A, respectively; those for any observation by z, t, A; 
and let A, and A be reckoned from the elevated pole. At the 
time of the observation, the star, the zenith, and the pole form 
an oblique spherical triangle, and we have the general relations 


cos 6 cos t = cos ¢ cos z — sin g sin 2 cosA 
cos ésin t= sin z sind 
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At the elongation the triangle becomes right angled at the star, 


and we have 
cos t, = cos 2, sin A, 


. sin Z, ~ cosz,cos A 
sin t, = — 2 2 
COS Y sin @ 


From these we deduce 


cos 6 sin f, cos ¢ = sin 2, cos z — cos Z,sin z cos A, cos A 
cos 6 cost, sin ¢ = cosz,sinz sin A,sin A 


the difference of which gives 


cos 6 sin (¢ — t,) = — sin 2, cos z + cos z,sin z cos (A, — A) 
= sin (2 — 2,) — 2 cos 2, sin 2 sin? (A, —A) 


where, if we neglect the last term and denote ¢ — 4, by J, and 
z — 2, by 7, we have the formula for the transit instrument. To 
obtain an expression for this last term, we take the relations 


sin z cosA — cos ¢g sin 6 — sin ¢ cos 0 cost 
sin z sin A — cos 6 sin f 


and combine them with 


cos A, = sin 6 sint, 
cos d sind cost, 
o cose ~=—s Sing 


whence 


sin z sin (A, — A)= sin 6 cos 6 — sin 6 cos 6 cos (t —t,) 
= sin 26 sin? } (¢ —{¢,) 


Thus sin (A, —A) is very nearly proportional to the square of 
sin $ (¢ — 4), and is, consequently, so small that we may put 
sin} (A, —A) = $sin(A, — A) in the lasé term of the above for- 
mula. We may also in so smalla term put z, for z. Making these 
substitutions, and writing J and 7 for ¢ — 4 and z — 2, we find 


sin 7 = sin J cos 6 + icot 2, sin?26 sint} I (48) 


Since not only sin}J is a small quantity, but also sin 20, it is 
evident that the last term will be inappreciable in all practical 
cases. Thus, for the pole star, d = 88° 30’ and J = 30" =7° 80’, 
this term is only 0/’.0052 cot z. 
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For either method of observation, therefore, we can regard 
the formula sin? = sin J cos 6 as entirely rigorous. 

But in either method we must correct the computed interval i 
for refraction. This computed interval is the difference of the 
true zenith distances at the two instants of transit, and the 
micrometer interval M represents the difference of the apparent 
zenith distances at these instants; hence, if r and 7) are the re- 
fractions for the zenith distances z and z, we shall have 


oe a 
M M 


If we put 
Ar = the difference of refraction for 1’ of zenith distance, 


we shali have 
Te 1g (2 le, ) OF 
or, very nearly, 
r—?ry= MR or 
and, consequently, 
i 
Yipes hes ior (44) 
The value of ar may be taken from the refraction table for the 
zenith distance at the elongation, which will be found by the 
formula 
Le sin Q 
C08 2 = — 
An example of this method will be given in the chapter on 
the Zenith Telescope. 


46. Fourtn Mrrnop.—The angular distance of two threads in 
the focus of a telescope may be directly measured with a theodo- 
lite. We have seen (Art. 4) that the rays which diverge from 
the focus and fall upon the object glass emerge from this glass 
in parallel lines. If then these emerging rays be received by 
the lens of another telescope, they will be converged by the 
latter lens to its principal focus, where they will form an image 
of the point from which they diverged. Hence, if two telescopes 
are placed with their optical axes in the same straight line and 
with their objectives turned towards each other, we may in 
either telescope see the images of threads at the principal focus 
of the other. If our second telescope is connected with a 

Vou. IL.—5 
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vertical or horizontal circle, as in the theodolite, the circle may 
be used to measure the angular distance of the threads in the 
first. 

First.—If the micrometer threads are horizontal, that is, per- 
pendicular to the vertical plane (as in the meridian circle when 
the micrometer is arranged to measure differences of zenith 
distance or of declination), the telescopes may have any inclina- 
tion to the horizon, and the angular distance of two threads will 
be directly measured by moving the theodolite telescope in the 
vertical plane and bringing its cross-thread successively into 
coincidence with the images of the two micrometer threads. 
Denoting the difference of readings of the vertical circle in the 
two positions by A, and the number of revolutions of the micro- 
2tan 3A 

ye 


? 


meter screw between the threads by 1, we have tan Rk = 


A 
or, very nearly, k = Wa 


Secondly.—lIf the micrometer threads are parallel to a vertical 
plane (as in the meridian circle when the x>:srometer is arranged 
to measure differences of right ascension), the theodolite is placed 
as before, and the angular distance of the threads is measured 
witb the horizontal circle. But, in this case, if the telescopes 
are inclined to the horizon by the angle 7 (which is obtained 
from the vertical circle of the theodolite), the angular distance A, 
read on the horizontal circle, will exceed that of the threads in 
the ratio 1: cosy (see the theory of the altitude and azimuth 
A cosy 

aia 
This ingenious method was suggested by Gauss.* 


instrument): so that we shall then have R = 


47. Firrn Mretrnop.—When the telescope is connected with a 
graduated vertical circle and its micrometer is arranged to mea- 
sure differences of zenith distance, the value of the screw may 
be found by means of this vertical circle as follows. Let the tele- 
scope be directed towards the nadir and looking into a basin of 
mercury immediately under it. The rays which diverge from a 
thread in the focus of a telescope emerge from the objective in 
parallel lines; they are therefore reflected by the mercury in 


* In 1823, Astron. Nach., Vol. IL. p. 371. Rirrpnnouse had previously (in 1785) 
pointed out the practicability of observing the threads of one telescope through 
another directed towards the objective of the first,in the Zransactions of the American 
Philosophical Society, Vol. Il. ». 181. 
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parallel lines, so that they must be converged by the objective 
again to the focus, where they form an image of the thread. It 
is evident that the distance of the reflected images of 


two micrometer threads will be the same as that of gore 
the threads themselves. Let then HO, Fig. 14, be a | 
vertical line drawn through the centre O of the ob- 2 m 


jective, and suppose the fixed and movable threads n 
and m to be at the same angular distance from HO, 
on opposite sides of it, or HOn = HOm. Then the 
rays from n, after passing through the objective, form 
a system of rays parallel te nO, and, after reflection 
from the mercury (the surface of which is perpen- 
dicular to HO), form a system of rays parallel to Om, 
and therefore the reflected image of 7 is seen at m. 
For the same reason, the reflected image of m is seen at n. Now 
let the telescope be revolved through an angle equal to HOn, so 
as to make the line nO a vertical line; then the image of n will 
be found in the vertical line, and will, consequently, be seen in 
coincidence with itself. And if the telescope is revolved in the 
opposite direction through an angle equal to HOm, the image of m 
will be brought into coincidence with itself. Hence the whole 
angular motion (A) of the telescope, as measured by the vertical 
circle, between the two positions in which z and m are seen in 
coincidence with their own reflected images, respectively, is the 
required angular distance of the threads; and, the number of 


revolutions of the micrometer screw between them being MW, we 


: A 
have, as in other cases, R = rT 


O 


We may, however, dispense with the use of the fixed thread 
in this process. Let the movable thread be placed in any part 
of the field, bring it into coincidence with its reflected image by 
revolving the telescope, and read the circle. Then place it in 
any other part of the field, bring it into coincidence with its 
reflected image, and read the circle. The thread having been 
moved through JM revolutions, and the difference of the circle 
readings being A, we find # as before. 

In order that the reflected images of the threads may be 
visible, it is found necessary to throw light down the tube, that 
is, from the ocular. For this purpose, one of the eye pieces 
icalled a collimating or nadir eye piece) is furnished with a, reflector, 
placed at an angle of 45° with the optical axis, which receives 
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light from a lamp held on one side and reflects it down the tube. 
This reflector is sometimes placed within the eye piece, between 
the two lenses; the light is then received through an aperture 
in the side of the eye tube, and the reflector, if made of metal, 
is perforated in the centre in order that the field may be visible. 
A better plan is to place a small piece of very thin mica outside 
the eye piece, between the outer lens and the eye, and at an 
angle of 45° with the axis. The mica, being transparent, does 
not interfere with the view of the field, and is at the same time 
a very perfect reflector. This plan has the advantage that the 
mica reflector may be temporarily applied to any of the eye pieces 
in actual use. 

A mercury reflector used, as in this case, to give reflected 
images of the threads, we shall hereafter designate as a mercury 
collimator.* 


48. Liffect of temperature upon the value of a revolution of the 
micrometer screw.—Changes of temperature affect the angular 
value of a revolution of the screw in two ways: jirst, by changing 
the absolute length of the screw itself; secondly, by changing the 
figure of the objective, and thereby also the focal length. Per- 
haps we should add, also, the almost evanescent change in the 
focal length resulting from a change in the refractive power of 
the glass. The whole effect, however, is very small, and may be 
assumed to be proportional to the change of temperature: so 
that, if A, is the value of a revolution of the screw for an 
assumed temperature z,, & the value for any given temperature 
tT, we have 


R= Rk+ kr —7,) x= RkL+C—2,) 2] (45) 
in which z is to be determined so as to satisfy the observed values 


of A at different temperatures as nearly as possible, which is 
done by the method of least squares. 


ExampLe.—Suppose the following values of R have been 
observed : 


A == 26".557, 26.582; 267.529, 267.500; 26'.498, 
for 10° 30° 40° 62° 75° (Fahr.) 


* The use of the mercury collimator in connection with the nadir eye piece was 
introduced by BonNENBERGER in 1825: v. Astron. Nach., Vol. IV. p. 827. 
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and it is proposed to determine R, for t,= 50°. We shall have 
the equations 

R, = 26.557 (1 — 402) 

Ry, = 26 582 (1 — 202) 

R,= 26 529 (1 — 10x) 

R, = 26 .500(1 + 122) 

Ry = 26 A98 (1 + 252) 


Let us assume R,= 26.5 + y; these equations become 


1062 2 + y — 0”.057 = 0 
538lz+ y—0 .082 — 0 
2652 + y —0 .029—0 
— 318x+y+0 .000—0 
— 662% -+y+0 .002—0 


Hence, by the usual process in the method of least squares, we 
find the normal equations 


2019398 « + 878 y — 86.535 = 0 
8782+ 5y— 0 116—0 
whence 
x = + 0.0000355 y = + 0”".017 


and, consequently, A, = 26’’.517, and 


Ee 26.517 
~~ 1+. 0.0000355 (r — 50°) 


As the coefficient of t — 50° is so small, we may take 


R = 26".517 [1 — 0.0000855 (r — 50°)] 
— 26.517 + 0.000941 (50° — r) 


This gives for the values of & at the observed temperatures, 


R = 26".555, 26.536, 26”.526, 26”.504, 26”.493 
fOr 10° 30° 40° 62° 75° 


which agree with the observed values within the probable errors 
of such determinations. 


49. The position filar micrometer—When a filar micrometer is 
attached to an equatorially mounted telescope, there is usually 
combined with it a small graduated circle, the plane of which is 
parallel to that of the micrometer threads, by means of which 
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the angle which these threads, or the transverse threads, make 
with a declination circle may be ascertained. The micrometer ~ 
then serves to measure not only the distance between two stars, 
but also their angle of position ; that is, the angle which the arc 
joining the two stars makes with a declination circle. 

The index error of the circle, or its reading for the position 
angle zero, is best obtained with the telescope in the meridian. 
Let the micrometer be revolved until the movable thread is per- 
pendicular to the meridian, which will be the case when a star 
of small declination remains upon the thread throughout its 
passage across the field. The transverse thread will then repre- 
sent the meridian, and in all other positions of the telescope, if 
the equatorial adjustment is good, will represent a declination 
eircle.* If the reading of the position circle is then P,, and 
the micrometer is afterwards revolved so that its transverse 
thread passes through two stars in the field, and the reading 
becomes P, the apparent position angle of the stars is 


All position angles should be read from 0 to 360° in the same 
direction. I shall always suppose them to be reckoned from the 
north through the east. 


50. I shall briefly notice some other micrometers hereafter 
(Chapter X.). What has been given in relation to the filar micro- 
meter was necessary in this place on account of the connection 
of this instrument with nearly every form of telescope. 


THE LEVEL. 


51. The spirit level may here be classed among the instru. 
ments for measuring small angles, inasmuch as its use in astro- 
nomy is not so much to make a given line absolutely level as to 
measure the small inclination of the line to the horizon. It 
consists of a glass tube, ground on the interior to a curve of 
large radius, and nearly filled with alcohol or sulphuric ether. 
(Water would freeze and burst the tube). The bubble of air 
occupying the space left by the fluid will always stand at the 


* See, however, Chapter X. in case the adjustment of the equatorial telescope +s 
not quite exact. 
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highest point of the. curve of the tube; and therefore any 
change of the relative elevation of the two ends of the tube 
must be followed by a corresponding change in the position of 
the bubble. This position of the bubble, therefore, which is 
read off by means of a scale, or by graduations marked on the 
tube itself, serves to measure all changes of inclination within 
the extreme ranges of the are of the curve employed. The 
larger the radius of the curve, the more sensitive will the level 
be. There is, however, obviously a practical limit to the radius, 
which is determined by the kind of instrument to which the 
level is to be applied and the degree of accuracy aimed at. 

In order to apply the level to the horizontal axis of an instru- 
ment, it is either mounted upon two legs, the distance apart of 
which is nearly equal to the length of the axis; and these legs 
terminate in Vs, so that the level bears only at two points of the 
cylindrical pivots of the axis, in which case it is called a striding 
level: or it hangs from the axis by arms, which are recurved 
and terminate in inverted Vs; and it is then called a hanging 
level. | 

Plate IL, Fig. 4, represents a common form of the striding 
level, and Fig. 5 is an end view of the legs. The tube ef is in 
this level covered by a larger glass tube abcd, to protect the fluid 
from sudden changes of temperature. These are secured to a 
bar AB, usually a hollow brass cylinder, which is connected 
with the legs by screws s and ¢, which serve to adjust the rela- 
tion of the level tube to the line of bearing of the Vs of the 
feet, as will be explained hereafter. 


52. In order to investigate the method of using the level, let 
us first suppose LW, Fig. 15, to be 
a truly horizontal line on which FS a ae 
the level AB rests. Let O be the oe eee 
zero of the graduations; e and w 
the ends of the bubble. Let the 
length of the bubble be 2d. If 
the legs AH and BW were per- —; + 
fectly equal, and O were in the 
middle of AB, the readings of w and e from O would be exactly 
tne same, and each equal to l. But, if BW is the longer leg, 
the bubble will stand nearer to B by a number x of divisions ; 
and if at the same time the zero O stands nearer to A than to B, 
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at a distance of y divisions from the middle, then the readings 


will be 
at w, ns Ch ah 
at é, 1—x—y. 


If now W is raised so that HW becomes inclined to the horizon 
by the angle 6, the bubble will stand nearer to the end B by a 
number z of divisions, so that the whole readings at w and e 
will be 
Wl epy+teZ \ (47) 
é=l—x—y—2Zz 
To eliminate the errors x and y, let the level now be reversed, 
so that the end A stands over W and B over #. The errors x 
and y will both change sign; but, the line HW being inclined 
as before, the readings of the ends of the bubble towards W and 
E, respectively, will be 


w=l—x—yte \ (48) 
é—ltxety—z2 


From the equations (47) and (48) we deduce 


4(w—e)=u+y+z t (49) 
Lw—ed)=—(Ww+y)+2 


2= 11} —)+3W —e)y) 
_@Hw)—@+e) oe 
= 4 


whence 


or 


@ 


whence the practical rule: Place the level on the line whose inclina- 
tion 1s to be measured, and read the divisions at the ends of the bubble ; 
reverse the level, and read again. Add together the two readings lying 
towards one end of the line, and also the two readings lying towards the 
other end of the line. One-fourth the difference of these sums is the 
measure of the inclination. The line is elevated at that end which 
gives the greatest sum of readings. 

This gives the inclination expressed in divisions of the level; 
the value of the angle } corresponding to z divisions is known 
when the angular value d of a division is known, so that 


() ==> Oke (51) 


53. The errors z and y are inseparable; we can only find their 
sum, which is 


74 
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ep y= CUI Fe") (52) 


If the errors of the level could be regarded as constant, the 
value of « + y thus found would enable us to dispense with the 
reversal of the level, since either of the equations (49) would 
then determine z; but such constancy is never to be assumed. 


54. For greater accuracy, the level may be read a number of 
times in each position, taking care to lift it up after each read- 
ing, so that each observation may be independent of the others. 
The sums of all the readings at each end of the bubble are to be 
formed, and the difference of these sums divided by the whole 
number of readings. The number of readings in the two posi- 
tions must be equal. 


EXAMPLE 1. 


A level on the axis of a transit instrument was read as 
follows: 


W. E. w—e 
1st Position 29.1 31.2 — 2.1 
2d es 35.4 24.9 + 10.5 
64.5 56.1 4) — 12.6 
56.1 x+y—— 38.15 = error of the level. 
4) 84 
ga 2 


The value of a division was d= 1/’.25; and hence 
i) = OP = HH 


which is the elevation of the west end of the axis. 


EXAMPLE 2. 
The following readings were obtained with the same instru- 
ment: 


Ws E. 
1st Position 29.0 31.3 
2d “ 35.4 24.9 
2d “ 35.6 24.6 
ists .*¢ 29.2 31.0 
129.2 111.8 

111.8 

8) 17.4 


Eee= Se 74K) (i= “teal 
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By taking the first and last observations in the same position 
vf the level, as in this example, any small change in the level 
itself, occuring during the observations, is eliminated. 


55. The zero of the level is, however, not always placed near 
the middle of the tube; it may be at one end and the divisions 
numbered consecutively through the whole length of the tube. 
In this case, we have only to find the reading corresponding to 
the middle of the bubble in each position of the level: the half 
difference of these readings will evidently be the required incli- 
nation. It will be necessary, in the record of the observation, 
to note the position of the ends of the level, or to indicate in 
some manner the direction in which the divisions increase, which 
is usually effected most readily by a conventional use of the 
algebraic sign, as in the following 


EXAMPLE. 


A level which is graduated from the end A towards the end B 
reads as follows when placed on the axis of a transit instrument’ 


Reading of 
W. E. middle of or thus: 
bubble. 
Aveoat,| 8640 Ha 5 1 O 3e rs De Vig 
1 SSRI |) aL) == Bil) = (0:8 
2) 1 3.35 Ay EG 
z—=+ 1.675 z= + 1.675 


Since in the case of a transit instrument we wish to find the 
elevation of the west end (a negative elevation being interpreted as 
a depression), we here mark the level readings with the positive 
sign when they increase towards the west, a with the negative 
sign when they increase towards the east. The value of z will 
then be obtained, with its proper sign, by simply taking the 
mean of all the readings, as in the last ean above. 


56. In the above examples, the diameters of the two pivots of 
the axis on which the level rests are assumed to be the same. 
When this is not the case, a correction becomes necessary, which 
will be considered in its place under “Transit Instrument,” 


Chapter V. 


LEVEL. 7A 


51. To find the value of a division of the level —This is most readily 
done by means of a simple instrument called a level-trier. A 
horizontal bar is supported by two feet at one end and by a 
single foot-screw at the other. The level is placed on the bar, 
and the number of turns of the foot-screw necessary to carry the 
bubble over any given number of divisions is observed. The 
angular value of a turn of the foot-screw is known from the 
distance of its threads and the length of the bar. The head of 
the screw is graduated so that a fraction of a turn may be noted. 

We can also determine the value of a division by attaching 
the level tube to a vertical circle and noting the number of 
seconds on the circle corresponding to a motion (of the circle 
and level together) which carries the bubble over a given number 
of divisions. Thus, suppose we read the ends A and B of a level 
thus attached to a circle, and also read the circle itself, as follows: 


Ke B Circle. 
5.0 40.2 0° 0’ 40”. 
41.3 3.8 OMe 253 
36.3 36.4 45 3 

(mean) 36.35d == 45'.3 
CN 246 


When the level is applied to a telescope which is provided 
with a micrometer, the value of the divisions of the level may 
be found from those of the micrometer. An example of this 
method will be given in connection with the Zenith Telescope, 


Chapter VIII. 


58. To find the radius of curvature of a level.—Let n be the length 
of a division in linear units, d the value of a division in are, 
found as above; then the radius will be 


n 
aif 
d sin 1” 


Suppose that in the level of the preceding article we have 
nm = 0.108 inch, then we find, for this level, 7 = 17051 inches, or 
1421 feet. 


59. The value of a division of a level may be affected by changes of 
temperature.—This will be discovered by taking observations for 
determining this value at two temperatures as different as pos- 
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sible. The proper value to be used for any intermediate tem- 
perature will then be found by interpolation. 


60. It is also possible that the radius of curvature of different por- 
tions of the tube may be different.—This, of course, is a radical defect 
in the construction of the instrument: its effect is to give dif- 
ferent angular values to divisions of equal absolute length in 
different portions of the tube. The existence of such a defect 
will be discovered by determining the value of a division inde- 
pendently at various points; and it is proper to examine all our 
levels in this manner. A level thus defective should be rejected 
as unfit for any refined observation; but, if no other can be had, 
a careful investigation might determine a system of corrections 
to be applied to the different readings. 


61. It remains to be shown how to effect the mechanical adjust- 
ment of the level. Ist. The bubble should stand nearly in the 
middle of the tube when the level stands upon any horizontal 
line. This is quickly brought about by finding the error of the 
level = x + y, (as in Example 1, Art. 54) and then turning the 
screws ¢, 7’, Plate II. Fig. 5, until the bubble has moved through 
this quantity in the proper direction. 2d. The axis of the tube 
should be parallel to the line joining the angle of the Vs of the 
feet, and, consequently, parallel to the axis of an instrument on 
which it rests. This is tested by slightly revolving or rocking 
the level on the axis of the instrument, so that the legs are 
thrown out of a perpendicular on either side. If the axis of the 
level tube is not parallel to the line joining the feet, but lies 
cross-wise with respect to that line, this revolution will cause the 
bubble to change its position, and it will be easy to see in what 
direction the correction must be made, The adjustment is rade 
by the screws s, s’. 
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CHAP DER LE 
INSTRUMENTS FOR MEASURING TIME. 


62. Chronometers—The chronometer is merely a very perfect 
watch, in which the balance wheel is so constructed that changes 
of temperature have the least possible effect upon the time of its 
oscillation. Such a balance is called a compensation balance. A 
chronometer may be well compensated for temperature and yet 
its rate may be gaining or losing on the time it is intended to 
keep: the compensation is good when changes of temperature do 
not affect the rate. It is not necessary that a chronometer’s rate 
should be zero (or even very small, except that a small rate is 
practically convenient); it is sufficient if the rate, whatever it is, 
remains constant. The indications of a chronometer at any 
instant require a correction for the whole accumulated error up 
to that instant. If the correction is known for any given time, 
together with the rate, the correction for any subsequent time is 
known. The methods of finding these quantities are given in 
Vol. I., Chapter V. 


63. Winding.—Most chronometers are now made to run either 
eight days or two days. The former are wound every seventh 
day, the latter daily, so that in case the winding should be for- 
gotten for twenty-four hours the chronometers will still be found 
running. But itis of importance that they should be wound regu- 
larly at stated intervals; otherwise an unused part of the spring 
comes into action, and an irregularity in the rate may result. 

Chronometers are wound with a given number of half turns of 
the key. Itis well to know this number, and to count in winding, 
in order to avoid a sudden .jerk at the last turn: still the chro- 
nometer should always be wound as far as it will go, that is, until 
it resists further winding. This resistance is produced not by 
the end of the chain, but by a catch provided to act at the proper 
time and thus protect the chain. 
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When a chronometer has stopped, it does not again start 
immediately after being wound up. It is necessary to give the 
whole instrument a quick rotatory movement, by which the 
balance wheel is set in motion. This must be done with care, 
however, and with little more force than is necessary to produce 
the result; afterwards the chronometer must be guarded from all 
sudden motions. 

The hands of a chronometer can be moved without injury to 
the instrument, so that it may be set proximately to the true 
time. It is, however, not advisable to do this often. 


64. Transporting.—Chronometers transported on board ship 
should be placed as near the centre of motion as possible, and 
allowed to swing freely in their gimbals, so that they may pre- 
serve a horizontal position. They should also be kept as neariy 
as possible in a uniform temperature. 

When transported by land, the chronometer should no longer 
be allowed to swing in its gimbals, but is to be fastened by a 
clamp provided for the purpose; for the sudden motions which 
it is then liable to receive would set it in violent oscillation 
in the gimbals, and produce more effect than if allowed to act 
directly. 

Pocket chronometers should be kept at all times in the same 
position: consequently, if actually carried in the pocket during 
the day, they should be suspended vertically at night. 

It has been found that the rates of chronometers have been 
affected by masses of iron in their vicinity, indicating a magnetic 
polarity of their balances. Such polarity may exist in the balance 
when it first comes from the hands of the maker, or it may be 
acquired by the chronometer standing a long time in the same 
position with respect to the magnetic meridian. In order to 
avoid any error that might result from this polarity (whether 
known or unknown), it will be well to keep the chronometers 
always in the same position. Hence, they should not be removed 
from the ship to be rated; but their rates should be found after 
they are placed in the position they are to occupy. 

The rate of a chronometer when transported is seldom the 
same as when at rest. The travelling rate is found by comparing 
the observations taken at the same place before and after the 
journey, or from observations at two places whose difference of 
longitude is perfectly well known. <A list of well determined 
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“differences of longitude” is given in Raper’s Practice of Navi- 
gation, for the use of navigators in finding the sea rates of their 
chronometers. (See Vol. I. Art. 258). 


65. Correction for temperature.—An absolutely perfect compensa- 
tion for temperature in chronometers is hardly to be expected. 
It has been found* that the average temperature compensation 
of chronometers is of such a nature as to cause the instrument to 
lose on its daily rate when exposed to a temperature either above 
or below a certain point for which the compensation is most 
perfect. Professor Bonn found for a large number of chronome- 
ters that if &, be the temperature of best compensation, ? that of 
actual exposure, the rate may be expressed for a range of 20° 
above and below %, by the formula 


m =m, + ko — 8)? (53) 


in which £ is a constant, and has, with rare exceptions, a positive 
sign, and m,and m are the rates at the temperatures &, and 0, 
respectively; losing rates being positive. 

M. Lirusson, from a very extended examination of the per- 
formance of chronometers on trial at the Observatories of Green- 
wich and Paris, finds that the rate varies both with the tempe- 
rature and with the age of the oil with which the pivots are 
lubricated. The thickening of the oil tends to diminish the 
amplitude of the vibration of the balance, and thus produces an 
acceleration of the chronometer. This acceleration is almost 
exactly proportional to the time, so that for any time ¢ the rate 
may be found by the complete formula 


m =m, + ko — 9)? -— ht (54) 


in which k’ is the daily change of rate resulting from the gradual 
thickening of the oil. The constants & and k’ will be different - 
for every chronometer, and are determined by experiment for 
each instrument. 


66. Comparison of Chronometers.—When one or more chro- 
nometers are to be regulated by means of astronomical observa- 


* Lreusson, Récherches sur les variations de la marche des pendules et des chro- 
nometres; Paris, 1854. G. P. Bonn, in his report on the longitude in the Report of 
the Superintendent U.S. Coast Survey for 1854, App. p. 141. 
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tions, these observations are made with but one of them, and the 
corrections of all the others are found by comparing them with 
this. On board ship the chronometers are never brought on 
deck; but the observations are made with a watch (often called a 
‘“Chack-watch”’), which is compared with the chronometer either 
before or after, or both before and after, the observations. The 
double comparison is necessary where extreme precision is re- 
quired, in order to eliminate any difference of the rates of the 
watch and chronometer. 


EXAMPLE. 


An observation is recorded by a hack-watch at the time 
10% 12” 13°.3, and the following comparisons are made with the 
chronometer. Required the time of the observation by the 
chronometer. 


Chron. 8? 17” Os. OF 20 0" 
Watch iy 9.5 10 18 8.0 
Reduction —1 51 9.5 =i) iil So 


Here the watch loses 1°.5 in 10”: hence, in 4”, the time from the 
first comparison to the observation, it loses 1°.5 +5 or 0°.6, so 
that the difference at the time of the observation is 1” 51” 8°.9: 
therefore we have 


Watch time of obs. — 10” 12” 132.3 
Reduction to chron. —= — 1 51 8.9 
Chron. time of obs. — fy Ali kal 


Comparison by coincident beats—When two chronometers are 
compared which keep the same kind of time, and both of which 
beat half seconds, it will mostly happen that the beats of the two 
instruments are not synchronous, but one will fall after the other 
by a certain fraction of a beat, which will be pretty nearly con- 
stant, and must be estimated by the ear. This estimate may be 
made within half a beat, or a quarter of a second, without diffi- 
culty, but it requires much practice to estimate the fraction 
within 0°.1 with certainty. But if a mean time or solar chro- 
nometer is compared with a sidereal chronometer, their dif- 
ference may be obtained with ease within one-twentieth of a 
second. Since 1’ sidereal time is less than 1’ mean time, the beats 
of the sidereal chronometer will not remain at a constant fraction 
behind those of the solar chronometer, but will gradually gain 
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on them, so that at certain times they will be coincident. Now, 
if the comparison is made at the time this coincidence occurs, 
there will be no fraction for the ear to estimate, and the differ- 
ence of the two instruments at this time will be obtained exactly. 
The only error will be that which arises from judging the beats 
to be in coincidence when they are really separated by a small 
fraction; and it is found that the ear will easily distinguish the 
beats as not synchronous so long as they differ by as much as 
0°.05; consequently the comparison is accurately obtained within 
that quantity. Indeed, with practice it is obtained within 0*.03, 
or even 0°.02. Now, since 1’ sidereal time = 0°.99727 mean time, 
the sidereal chronometer gains 0’.00273 on the solar chronometer 
in 1’; and therefore it gains 0’.5 in 183°, or very nearly in 3”. 
Hence, once every three minutes the two chronometers will beat 
together.* When this is about to occur, the observer begins to 
count the seconds of one chronometer, while he directs his eye to 
the other; when he no longer perceives any difference in the 
beats, he notes the corresponding half seconds of the two instru- 
ments. 


EXAMPLE. 


A solar and a sidereal chronometer were compared by coinci- 
dent beats, as follows: 


Solar chron. 4% 16" 0+. 4% 19” 10. 
Sidereal “ th Be ai els eG 22 . 
Difference 5012) 4155 oS AZ 45E 


Here the interval between the two comparisons being about 3”, 
the sidereal chronometer has gained a beat. In order to judge 
of the accuracy of the comparisons, let us reduce the second to 
the time of the first. The solar interval is, by the solar chro- 
nometer, 3” 10°; the corresponding sidereal interval is, by the 
tables, 3" 10°.52; the second comparison reduced to the time of 
the first stands as follows: 


Solar chron. 4% 16" 0. 
Sid. “ [ie BS 11 48 


Difference 3 12 48.52 


% They will either beat together, or at least their beats will both fall within a 
space of time equal to one-half of 0.00273. 
Vor. IL—6 
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that is, it agrees with the first comparison within 0°.02. Suppose 
that at the second comparison the time when the beats were 
coincident was mistaken, and the observer made his comparison 
10° later; he would have had 10° more on each chronometer, and 
consequently would have put down the comparison thus: 


Solar chron. 4? 19” 205. 
Sid. “ iG SA, 


The mean interval between the comparisons would have been 
3” 20°, and the equivalent sidereal interval is 3” 20°.55, so that 
this second comparison reduced to the time of the first would 
have stood thus: 

Solar chron. 4°16" 0°. 

Sid. of 138 45 


Difference Stat 48 .55 


that is, the two comparisons would still have agreed within 0°.05. 
The observer can in this way satisfy himself by a few trials that 
the two chronometers can really be compared within 0°.05 with 
certainty. 

When two solar chronometers are to be compared together, it 
will be most accurately done by comparing each with a sidereal 
chronometer by coincident beats, and reducing the comparisons 
as follows: 


EXAMPLE. 


Two solar chronometers A and B are compared with a sidereal 
chronometer C, as below: 


C 6* 138” 20 A 4% 40” 10°.5 
GF °@) 16s 114}. JB By Ml ISS. 
Sid. interval By. = 1 54.69 solar 


B reduced to time of A=5 19 18.31 
Difference of A and B =0 39 7.81 


The intermediate chronometer used for comparison is not 
necessarily a sidereal one. It may be a mean time chronometer 
which does not beat half seconds; for example, a pocket chro- 
nometer which beats 13 times in 6 seconds. In this case each 
beat of the pocket chronometer is worth ,,, and therefore differs 
from that of a chronometer beating half seconds by 4 of a second. 
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The inaccuracy of a coincidence cannot exceed this quantity, and 
the comparison may, therefore, also be made within -|; of a second. 


67. Probable error of an interpolated value of a chronometer cor- 
rection.—W hen the corrections a7 and a7” for the times Z'and 7" 
are given, the correction for any other time 7+ ¢= 7’ ?’ is 
found by interpolation. Denoting the rate by 07, and the 
required correction by z, we have 


Chere == A TS tre T or Heme Riera i A 


Now, granting that the given quantities a7’ and a7” are perfectly 
correct, the interpolated values of x will also be correct if there 
are no accidental irregularities in the going of the chronometer. 
But such accidental irregularities certainly exist, and tend to 
diminish the weight to be assigned to any interpolated value of 
the correction. If the mean (accidental) error in a unit of time 
is e, the mean error in the interval ¢ is, by the theory of least 
squares, ¢j/t, and the weight is inversely proportional to the 
square of this error, that is, inversely proportional tot. We shall 
have then 


x—AaAT+t.6T with the weight 


Slew Sl oe 
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in which ks is an undetermined constant. 

Multiplying each value by its weight, and dividing the sum by 
the sum of the weights (according to the usual process in the 
method of least squares), we have 


, t 
~ nart r+, with the weight = at oo 
(55) 
= it’ 
or with the mean error = ¢ eve 


This error is zero either for {= 0 or ¢/ = 0, and is a maximum 
for t= ?/, that is, when the correction is found for the middle 
time between the two given times 7’ and 7”. 


68. If, however, the chronometer has accelerated or retarded 
uniformly, the error will obtain a different expression. Let the 
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rate at the time 7’ be O67 and at the time T’ be.o’T. The 
aeceleration in a unit of time is 


BOD ee oe (56) 


The rate at the middle instant between JT and 7+ 7 is 6T 
+ 4t.0’T; and at the middle instant between 7’ and 7’ —? 
it is o’/ T—it'.0’T; hence we have 


eS ATi (OTs tt.0oTj=alrtt.oT errr 
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Multiplying the first by ¢’, the second by ¢, and dividing the sum 
of the products by ¢+ ?’, we have 
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whence it appears that the error of the value obtained by simple 
interpolation, or upon the supposition of a uniform rate, is 
4itt’. 0’ T, and this error is also a maximum for the middle instant 
between 7'and 7’, when ¢ = ?’, and vanishes for ¢ = 0 or /=0. 


_ 69.. Every chronometer has, moreover, its own peculiarities 
which render the application of any formula for weight more or 
less uncertain. Struve found that, for the greater number of 
the chronometers which he tried, the mean error of an interpo- 
lated value of their corrections could be expressed by the empiri- 


tt 5 : : 
cal formula e- gy differing from the above theoretical formula 


by the omission of the radical sign. (Expédition Chronométrique, 
pe 101) 


70. Clocks.—The astronomical clock is provided with a com- 
pensation pendulum, by which the effect of temperature is even 
more completely eliminated than in chronometers. The only 
forms in use are the Harrison (the gridiron) and the mercurial 
pendulum. 

‘In the gridiron pendulum the rod is composed (in part) of a 
number of parallel bars of steel and brass, so connected together 
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that the expansion of the steel bars produced by an increase of 
temperature tends to depress the “bob” of the pendulum, the 
greater expansion of the brass bars tends to raise it, so that when 
the total lengths of the steel and brass bars have been properly 
adjusted a perfect compensation occurs, and the centre of oscil- 
lation remains at a constant distance from the point of suspen- 
sion. The rate of the clock, so far as it depends upon the length 
of the pendulum, will therefore be constant. 

In the mercurial pendulum, the weight which forms the bob 
in other cases is replaced by a cylindrical glass vessel nearly 
filled with mereury. With an increase of temperature the rod 
lengthens, but the mercury expanding must rise in the cylinder, 
so that when the quantity of mercury is properly proportioned 
to the length of the rod the centre of oscillation remains at the 
same distance from the point of suspension. If a clock is to be 
exposed to sudden changes of temperature, the gridiron pendulum 
will be preferable to the mercurial, as the large body of mereury 
will obtain the temperature of the air more slowly than the 
thin metal rods. 

In setting up the clock the chief point to be observed is that 
its alternate beats are exactly equal. The pendulum usually 
carries a pointer at its lower extremity which indicates upon an 
are below the pendulum the extent of a vibration. Let the 
pendulum be drawn towards one side gently, until a tooth of the 
escapement wheel is just freed, and mark the point of the are at 
which this occurs; then let the pendulum be drawn towards the 
other side, and mark the point of the are at which a tooth escapes. 
Find the middle point A of the included are. Then let the 
pendulum come to rest in a vertical position: if the pointer is on 
A the adjustment is correct, and the vibrations on each side will 
be isochronous; if not, the clock case must be moved until the 
vertical pendulum is directed exactly towards A. The equality 
of the vibrations may also be tested by the electro-chronograph, 
hereafter described. 

What has been said above respecting the comparison of chro- 
nometers will apply, with scarcely any modification, to that of 
slocks, or of a clock with a chronometer. 

In the observatory, a clock regulated to sidereal time is the 
indispensable companion of the transit instrument. The standard 
or normal clock of an observatory is carefully mounted upon a 
stone pier which is disconnected from the walls or floors of the 
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building, and also protected as much as possible from changes 
of teraperature. For the latter purpose it is sometimes imbedded 
in a stone pier, in an air-tight compartment below the surface 
of the ground. Srruve found that the changes of barometric 
pressure, by varying the resistance which the air opposes to the 
motions of the pendulum, caused a variation in the rate of the 
normal clock of the Pulkowa Observatory of 0°.52 for a variation 
of one English inch of the barometer.* 


T1. The electro-chronograph.—This contrivance may be regarded 
as an appendage of the astronomical clock, and bearing the same 
relation to it that the reading microscope bears to a divided 
circle ; for its chief use is to subdivide the seconds of the clock, 
and thus to measure micrometrically the smallest fractions of 
time. In order to effect this micrometric subdivision, the clock 
beats are converted from audible into visible signals, which are 
recorded on paper by means of an electro-magnet. The instant 
of the occurrence of any phenomenon is also registered by a 
visible signal on the same paper, and thus referred to the pre- 
ceding clock beat with great precision. This general statement 
covers a great variety of special contrivances leading to the same 
end. We shall here treat only of those which, thus far, have 
been most used. 


72. The simplest form of register is that known on our tele- 
graphic lines as Morsu’s, in which a fillet of paper is reeled off 
at a uniform velocity by means of a train of wheels moved by a 
weight. The fillet passes over a small cylinder and just under 
a hard steel point, or pen (as it is called, for brevity), which is so 
connected with the armature of an electro-magnet that whenever 
the electric circuit of the galvanic battery is established, the pen 
is pressed upon the paper and leaves a visible mark. The wire 
from one pole of the battery which passes around the electro- 
magnet does not return directly to the other pole, but first passes 
through the clock, where, by a contrivance presently to be 
described, the circuit is broken and restored at every second. 
The Morse fillet in running off, therefore, receives an impression 
every second, and thus becomes graduated into spaces represent- 
ing seconds. These spaces are greater or less according to the 


* Description de Vobservatoire astronomique centrat de Poulkova, p. 220. 
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velocity with which the paper runs off; an inch per second is 
even more than sufficient, as it is easy to divide an inch into fifty 
parts by a scale, even without the aid of a magnifier. 

It is of importance that the paper should run off with a uni- 
form velocity; at least, no sudden changes of velocity should 
occur. In the Morse register this regularity is maintained by an 
ordinary fly-wheel. In the spring-governor, invented by the 
Messrs. Bonn, a fly-wheel and pendulum are both used. The 
pendulum secures the condition that the seconds shall be of the 
same length, while the fly is supposed to maintain a uniform 
motion during the second. In this and in other chronographic 
instruments there is substituted for the fillet a sheet of paper 
wrapped about a cylinder which makes one revolution per minute. 
As the cylinder revolves, a fine screw causes it to move also in 
the direction of its length, so that the pen records in a perpetual 
spiral, and when the paper is removed from the cylinder the 
successive minutes are found recorded in successive parallel 
lines. One such sheet will contain the record of upwards of 
two hours’ work. This cylindrical register is preferable to the 
Morse fillet for most chronographic purposes, on account of the 
convenience with which the sheets may be read off and filed 
away for subsequent reference. 

In Saxron’s cylindrical register the movement is regulated by 
a combination of the crank motion with the vibration of two 
pendulums. 

Professor Mrrcusnt employed a circular dise upon which the 
successive minutes occupied concentric circles, each of which 
was graduated into seconds with great precision by connection 
with the clock. 


73. The connection of the clock with the register is made in 
one of two ways; either so as to break the circuit every second, 
or so as to make it. 

The method most used of causing the clock to break the 
circuit is that suggested by Mr. Saxton, of the Coast Survey. 
ACB, Fig. 16, is a small and very light “ tilt-hammer,” usually 
made of platinum wire, mounted upon a pivot C,so that the end 
A shall slightly preponderate and rest upon a platinum plate £. 
The end B is bent into an obtuse angle. The wire # from one 
pole of the galvanic battery is constantly connected with the tilt- 
hammer through the metallic support D. Another wire G is 


88 CHRONOGRAPH. 


Fig. 16. connected with the plate #, and goes 
first to the electro-magnet of the register 
and thence to the other pole of the bat- 
tery. This apparatus is placed in the 
clock case in front of the pendulum Pl, 
with the vertex of the angle B in a ver- 
tical line below the point of suspension 
P. Asmall pin JV projecting from the 
pendulum rod passes over the angle B 
at each vibration of the pendulum, and, 
by thus depressing the end B of the tilt- 
hammer, raises the end A from the plate 
E and breaks the circuit, which other- 
wise is complete through the connection 
of the portion AC of the tilt-hammer 
with both the wires #’ and G. The in- 
terval of time during which the circuit 
is broken will be longer or shorter accord- 
ing as the pin WV strikes the sides of the angle B farther from or 
nearer to its vertex. It may be adjusted so that the break shall 
last but one-twentieth of a second, or for a shorter time if 
required. 

Now, if the pen of the register is kept pressed upon the paper 
by the attraction of the electro-magnet, it is clear that the breaks 
produced by the clock will produce corresponding breaks in the 
continuous line made by the pen, and the paper will be gradu- 
ated into seconds, thus: 


M 


eee ee  -  ,  C 


But if the pen is pressed upon the paper by a spring acting 
against the attraction of the magnet, then each break produced 
by the clock will give a corresponding short mark on the paper 
with an intervening blank, so that the paper will be graduated 
into seconds, thus: 


The first of these methods is commonly preferred. 
In the cylindrical registers a pen carrying ink is used, and the 
breaking of the cireuit by the clock does not cause the pen to 
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rise from the paper, but moves it laterally; in this case the paper 
is graduated into seconds, thus: 


EUS REED Te ee ee ee 


Dr. Locke also employed a tilt-hammer for breaking the cir- 
cuit; but the hammer was worked by the teeth of a wheel placed 
on the axis of the escapement wheel of the clock. 

At the Washington Observatory, the record on the paper of 
the cylindrical registers has also been made by fine punctures 
produced by a needle point. The needle has a little play which 
prevents its resisting the motion of the cylinder during the time 
required for the needle to enter and leave the paper. 


74. The most simple method by which the pendulum makes 
the circuit at each beat is also the suggestion of Mr. Saxton. 
A small globule of mercury is placed just below the pendulum, 
as at A, Fig. 17, upon a metallic support which by 
the wire / is in connection with one pole of the 
battery. Another wire G is connected with the 
metallic support of the pendulum rod at P, and is 
connected with the other pole of the battery through 
the electro-magnet. A fine point m upon the ex- 
tremity of the pendulum passes through the globule 
at each vibration and establishes the electric cir- 
cuit, for a small fraction of a second, through the 
pendulum itself. The effect will be to graduate 
the paper in one of the above mentioned ways 
according to the arrangement of the register. 


Fig. 17. 
Jz 
G 


75. Having thus obtained a graduated visible 
time-scale, its application to the exact recording of 
an astronomical observation is very simple. We 
have only to let one of the wires in connection with 
the magnet pass, on its way to the battery, through a i 
the hand of the observer, where the circuit may be 
broken and restored at pleasure. A small piece ” 
of apparatus called a signal-key is used for this purpose. It con- 
sists of a piece of wood, five or six inches in length, Fig 18, on 
which is fastened a metallic spring AB, which by a very slight 
pressure of the finger can be brought into contact with a metallic 
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plate at C. Conceive the wire in its circuit from the magnet to 
the battery to be severed at the key; let 
zp one end J’ be connected with the spring 
sj J AB, the other end G with the plate C. 
The continuity of the wire may be re- 
garded as restored whenever the spring 
is pressed into contact with the plate C. 
This constitutes a make-circuit key. It is easy to see how the 
arrangement may be reversed,.so that by pressing the spring the 
continuity of the wire is interrupted, constituting a break-circuit 
key. Now, whenever the observer taps on his key he will pro- 
duce upon his graduated time scale a mark similar to that of the 
clock, but mostly distinguishable from it. For example, on a 
Morse-fillet, and with a break-circuit key, we have 


Fig. 18. 


G 


ee 


Here, at A, is a record of an astronomical observation occurring 
between the 30th and 31st second. By a scale of equal parts, we 
find the distance of A from 30° is 0.61 of the distance from 30° 
to 31’, and hence the instant of the observation is 30°.61. 

In order to identify the seconds on the register, a peculiar 
mechanical contrivance (which need not be described here) is 
employed, by means of which one of the breaks is omitted at 
the beginning of each minute of the clock; thus, for example: 


(5h 13m) 
eee eee 
The observer has only to identify the minute and write it on the 
fillet, as in this example. For greater security, sometimes, every 
fifth minute is also distinguished by the omission of two consecu- 
tive breaks, thus: 


(114 25m) 
Os 


oO nn) OO leeaeeS ee... 


where the observation A occurs at 44°.71. The observer’s signal 


is generally distinguishable from the clock signals, as in this 
example, by its form. 
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In all the forms of recording it must be observed that the 
beginning of the break, or dot, marks the point of time recorded. 

In order to read off the record with the greatest convenience, a 
glass scale is used, on which are etched eleven equidistant parallel 
lines, dividing the second of the chronograph into tenths; the 
hundredths are obtained by estimation. (Plate I. Fig. 3.) 

When the length of a second on the register is greater than 
the perpendicular distance of the extreme lines of the scale, we 
have only to place the scale obliquely on the line of seconds, 
always causing their extreme lines to pass through two consecu- 
tive second dots. Sometimes the lines on the scale are made 
divergent; it is then always applied so that the line of seconds 
shall be perpendicular to the middle line of the scale, and at the 
point where the distance of the extreme lines is equal to the 
length of the second. (Plate I. Fig. 2.) 


76. When the pen of the chronograph is made to press upon the 
paper by the attraction of the electro-magnet upon its armature, 
a certain small fraction of time elapses after the closing of the 
cireuit (by the clock or by the observer) before the signal is 
actually impressed upon the paper. This time is called the 
armature time. If it were certainly constant, and the same for the 
clock signals and for those of the observer, it would have no 
effect upon the difference of time between any two recorded 
phenomena. But the armature time probably varies both with 
the strength of the battery and the length of the wire through 
which the electric current passes. The variable error which 
would thus be introduced into our results is avoided, or at least 
very much reduced in magnitude, by employing break-cireuit 
signals exclusively; for the interval of time between the breaking 
of the circuit and the cessation of the action of the magnet is pro- 
bably smaller and more constant than that between the making 
of the circuit and the commencement of the action of the magnet. 


77. To give the reader a just appreciation of the degree of 
accuracy attained in the recording of time by the chronograph, 
full size specimens of the records on three different kinds of 
registers are given in Plate I. Figs. 4 and 5 are specimens of 
clock signals as recorded on a Morse-Fillet and Saxton’s Cylin- 
drical Register used on the United States Coast Survey. Fig. 
6 is a specimen of clock signals and a number of actual 
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observations of stars’ transits recorded on Bonn’s Spring-Gover- 
nor Register, which has been obligingly furnished by Professor 
G. P. Bonn. Figs. 2 and 3 exhibit in full size the manner in 
which the glass scales for reading these records are ruled. Fig. 
1 exhibits the reticule of a transit instrument, provided with 
twenty-five transit threads, for determining the longitude by the 
electric telegraph. (Vol. L., p. 344). 


CHAPTER IV. 
TH SEXTANT, AND OTHER REFLECTING INSTRUMENTS. 


78. THE SEXTANT, of all astronomical instruments, is the most 
especially adapted to the purposes of the navigator and the 
scientific explorer, as it is at once portable and extremely simple 
of manipulation, requires no fixed support, and furnishes its data 
with the least expenditure of the time of the observer. Being 
held in the hand, and having small dimensions, the extreme 
accuracy of fixed instruments is not to be expected from it, but 
in the hands of a practised observer the precision of the results 
obtained with it is often surprising.* 


79. The optical principle upon which the sextant and other 
reflecting instruments are founded is the following: “Ifa ray of 
light suffers two successive reflections in the same plane by two 
plane mirrors, the angle between the first and last directions 
of the ray is twice the angle of the mirrors.” 

Let Mand m, Fig. 19, be the two mirrors. Since the direct 
and reflected rays are always found in a plane perpendicular 
to the reflecting surface,—called the plane of reflection,—it follows 
that, after two successive reflections from two surfaces, the last 
direction of the ray will be found in the same plane as the first 
only when the plane of reflection is perpendicular to both mirrors. 
In the diagram, let the plane of reflection be that of the paper, 


* The first ¢nventor of the sextant (or quadrant) was Newron, among whose papers 
a description of such an instrument was found after his death; not, however, until 
after its re-invention by Tuomas Goprrey of Philadelphia, in 1780, and, perhaps, 
by Hapuey, in 1781. 
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the lines M and m being the intersections of this plane with the 
surfaces of the mirrors. Let AI 

be the direct ray falling upon the A a es 

mirror WM, which we shall first sup- 
pose to lie in the direction WC; 
let Mm be the direction of the ray 
after the first reflection, and mH 
its direction after the second re- 
flection. Draw MB parallel to 
kim, MP perpendicular to MC, 
and Mp perpendicular to the mir- 
ror m. The angle AWB is the 
difference of the first and last di- 
rections of the ray. The angle 
PMp is the same as the angle 
contained by the mirrors, being obviously equal to MCm. We 
have, therefore, to prove that AM B = 2PMp, 

If we conceive a perpendicular drawn at m, parallel to Mp, we 
easily see that pdm is equal to the angle of incidence of the ray 
Mm falling upon m, and pMB is equal to the angle of reflection 
of the same ray; and since these angles, by a principle of Opties, 
are equal, we have 


pMm = pMB = PMp+ PMB 


But, on the same principle, we have 
PMm = PMA =AMB + PMB 
The difference of these two equations gives 


PMp — AMB — PMp 
whence 
AMB — 2PMp 


80. In order to apply this principle, let the mirror J be at- 
tached to an index arm MCT, which revolves upon a pivot at 
M in the centre of a graduated are OLN, and let m be perma- 
nently secured in a fixed position at right angles to the plane of 
this are. Let MO be the direction of the central mirror and of 
the index arm when it is parallel to the fixed mirror m, and let 
the graduation of the are commence at O. In this position, an 
incident ray BM from a distant object B will be reflected first to 
m and then in the direction m#. which will be parallel to the 


94 SEXTANT. 


first direction BM. If then the object is so distant that two rays 
from it, BM and bm, falling upon the two mirrors, will be sensibly 
parallel, an observer’s eye at H will receive both the direct ray 
bm and the reflected ray m# at the same time. Hence the ob- 
server will see two images of the same object—a direct and a 
reflected image—in coincidence. 

In the next place, let the mirror M be revolved into the posi- 
tion MCI, in which a ray AM from a second object A is reflected 
finally into the line m#. The observer now sees the direct image 
of the object B in apparent coincidence with the reflected image 
of the object A. The angular distance AMB of the two objects 
is then equal to twice the angle of the mirrors, that is, to twice 
MCm or to twice OMI. The are OJ, which measures this angle, 
is then the measure of one-half the angular distance of the 
objects. If the arm MJ carries a vernier at J, the exact value 
of the are will be obtained. In order to avoid the necessity of 
doubling this value after reading, a half degree of the arc is 
numbered as a whole degree: thus, an arc of 60° is divided into 
120 equal parts, each of which is reckoned as a degree. As the 
index arm MJ cannot pass beyond the position Mm, where it 
comes against the fixed mirror, it is not found practicable, in this 
form of the instrument, to extend the are OD much beyond 60°, 
and it is from this circumstance that the instrument derives its 
name. 


81. Plate III. Fig. 1 represents the most common form of the 
sextant constructed upon these principles. 

The frame is of brass, constructed so as to combine strength 
with lightness; the graduated arc, inlaid in the brass, is usually 
of silver, sometimes of gold, or platinum. The divisions of the 
are are usually 10’ each, which are subdivided by the vernier to 
10’. The handle H, by which it is held in the hand, is of 
wood. The mirrors Mand m are of plate glass, silvered. The 
upper half of the glass m is left without silvering, in order that 
the direct rays from a distant object may not be intercepted. To 
give greater distinctness to the images, a small telescope F is 
placed in the line of sight mH. It is supported in a ring KK, 
which can be moved by means of a screw in a direction at right 
angles to the plane of the sextant, whereby the axis of the tele- 
scope can be directed either towards the silvered or the trans- 
parent part of the mirror. This motion changes the plane of 
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reflection, which, however, remains always parallel to the plane 
of the sextant: the use of the motion being merely to regulate 
the relative brightness of the direct and reflected images. 

The vernier is read with the aid of a glass R attached to an 
arm which turns upon a pivot S, and is carried upon the index 
bar. 

The index glass M, or central mirror, is secured in a brass 
frame, which is firmly attached to the head of the index bar by 
screws a, a,a. This glass is generally set perpendicular to the 
plane of the sextant by the maker, and there are no adjusting 
screws connected with it. 

The fixed mirror m is usually called the horizon glass, being 
that through which the horizon is observed in taking altitudes. 
It is usually provided with screws by which its position with 
respect to the plane of the sextant may be rectified. 

At Pand Q are colored glasses of different shades, which may 
be used separately or in combination, to defend the eye from 
the intense light of the sun. 

I shall first treat of those common adjustments of the sextant 
which the observer is obliged to attend to in the ordinary use 
of the instrument, and shall afterwards treat fully of its mathe- 
matical theory. 


82. Adjustment of the index glass.—The reflecting surface of the 
glass must be perpendicular to the plane of the sextant. The 
simplest test of its perpendicularity is the following. Set the 
index near the middle of the arc; then, placing the eye very 
nearly in the plane of the sextant, and near the index glass, 
observe whether the are seen directly and its reflected image in 
the glass appear to form one continuous arc, which will be the 
case only when the glass is perpendicular. The glass leans for- 
ward or backward according as the reflected image appears too 
high or too low. It may be corrected by putting a piece of paper 
under one edge of the plate by which the glass is secured to the 
index arm, first loosening the screws a, a, a (Pl. IIL. Fig. 1) for 
that purpose. Or we may make the adjustment, as it is done 
by the instrument makers, by removing the glass and filing 
down one of the metallic points against which the glass bears 
when secured in its frame. 


83. Adjustment of the horizon glass.—This must also be perpen- 
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dicular to the plane of the sextant. The index glass having 
been previously adjusted, if by revolving it (by means of the 
index arm) there is found one position in which it is parallel 
to the horizon glass the latter must also be perpendicular to the 
plane of the sextant. The test of this parallelism is the following. 
Put in the telescope, and direct it towards a star. Move the 
index until the reflected image of the star appears to pass the 
direct image. If one image passes exactly over the other, it 
will be possible to bring both into exact coincidence, so as te 
form but a single image; and it is evident that when this coin- 
cidence takes place the mirrors must be parallel. If one image 
passes on either side of the other, the horizon glass needs ad- 
justment. 

The perpendicularity of the horizon glass may also be tested 
as follows. Hold the instrument so that its plane shall be nearly 
vertical, and bring the direct and reflected images of the sea 
horizon into coincidence. Then incline the instrument until its 
plane makes but a small angle with the horizon ; if the images 
still coincide, the two glasses are parallel: consequently, if the 
index glass is perpendicular to the plane of the sextant, the 
horizon glass is also in adjustment. 

Any distant and well defined terrestrial object may be substi- 
tuted for the star or the sea horizon. <A star, however, is to be 
preferred; and one of the third magnitude will afford greater 
precision than the brighter ones. 


84. Adjustment of the telescope.—The sight-line of the telescope 
must be parallel to the plane of the sextant. Two parallel wires 
or threads are placed in the telescope, which are to be made 
parallel to the plane of the sextant by revolving the sliding 
tube containing them; then all contacts or coincidences of 
images are to be made midway between these two wires. The 
sight-line of the sextant telescope is, therefore, a line drawn 
through the optical centre of the object lens and the middle 
point between these parallel threads. 

Select two objects from 100° to 120° apart, as the sun and 
moon, and bring the reflected image of one into contact with 
the direct image of the other, at the thread nearest the plane of 
the instrument; then move the instrument so as to throw the 
images upon the other thread; if the contact remains perfect, 
the line of sight midway between the threads is parallel to the 
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plane of the sextant. If the limbs of the two objects appear to 
separate on the thread farthest from the instrument, the object 
end of the telescope droops towards the sextant; otherwise it 
rises. 

It is to be observed that when the telescope is adjusted and 
two images are brought into contact at either thread, they will 
not be in contact in the middle of the field, but will there over- 
lap; consequently, the reading of the sextant will be less for a 
contact in the true sight-line in the middle of the field than 
for one on either side. If the telescope is out of adjustment, the 
middle of the field is no longer in the true sight-line, and the 
contacts observed there give angles which are too great. The 
correction for a given inclination of the telescope will be inves- 
tigated in a subsequent article. 

This adjustment may also be examined as follows. Place the 
sextant horizontally on a table, and place two small metallic 
sights A, A (Fig. 20) on the arc. At eee 
a distance of at least 15 or 20 feet, let eed 


Za 
a well defined mark be placed so.as {~ ‘ i 
to be in the same straight line with 
the upper edges of the sights, and in 


such a position that it may also be seen through the telescope. 
The top edges of the sights should be at the same distance from 
the plane of the sextant as the axis of the telescope. The 
threads of the telescope being made parallel to the plane of the 
sextant, the mark should be seen in the middle between them. 

The adjustment of the telescope when necessary is effected 
by means of two small opposing screws in the ring which 
carries it. 


. 85. The index correction.—Having made the preceding adjust- 
ments, it is necessary to find the point of the graduated arc at 
which the zero of the vernier falls when the two mirrors are 
parallel; for all angles measured by the instrument are reckoned 
from this point (Art. 80). If this point is to the left of the 
actual zero of the scale by a quantity r, all readings in the are 
will be too great by 7; if it is to the right of the actual zero, all 
readings will be too small by the same quantity. If we wish 
the reading to be zero when the mirrors are parallel, we must 
place the zero of the vernier on the zero of the are, and then 


revolve the horizon glass about a vertical line, until the direct 
Vou. IL.—7 
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and reflected images of the same object coincide. Some instru- 
ments are provided with a pair of opposing screws by which this 
revolution can be effected ; but in others no such adjustment is 
possible. In fact, the adjustment is unnecessary, as we can 
always determine the correction to be applied to our readings to 
reduce them to what they would be if the adjustment were 
made. This index correction is found as follows: 

Ist. By a star.—Bring the direct and reflected images of a star. 
into coincidence, and read off the are. The index correction is 
numerically equal to this reading, and is positive or negative 
according as the reading is on the right or the left of the zero. 
For example, the direct and reflected images of a star being in 
coincidence, we read on the are 5’ 20’’; then, calling the index 
correction x, we have 

x= — 5! 20". 


In another sextant the direct and reflected images of a star 
being in coincidence, we read on the extra arc 2’ 40’; then 


2 = +19 40", 


This method may be used with the sea-horizon instead of a 
star, but not with great precision. 

2d. By the sun.—Measure the apparent diameter of the sun by 
first bringing the upper limb of the reflected image to touch the 
lower limb of the direct image; and again by bringing the lower 
limb of the reflected image to touch the upper limb of the direct 
image. Denote the readings in the two cases by r and 7’; then, 
if s = the apparent diameter of the sun and £ is the reading of 
the sextant when the two images are in coincidence, we have 


r=Rh+s 
r—Rk—s 
whence 
R=i¢r+r/) 
and the index correction isw~—=— R. The practical rule derived 


from this is as follows. If the reading in either case is on the 
are, mark it with the negative sign; if off the arc (i.e. on the extra 
arc), mark it with the positive sign; then the index correction is 
one-balf the algebraic sum of the two readings. For example, 
we hue read as follows: 
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On the are — 8]’ 20” 

Off the are + 33 10 

= 1°50 

c—+ 055" 
We have s = 3(r —r’): hence, if the observations are good, we 
ought to find that half the algebraic difference of the readings is 
equal to the sun’s diameter as given in the Ephemeris on the day 
‘of the observation. But, in order that this comparison may be a 
good criterion, we should measure the sun’s horizontal diameter, 

which is not sensibly affected by refraction. (Vol. I. Art. 134.) 

In order to obtain the index correction with the greatest pre- 


cision, the mean of a number of measures of the sun’s diameter 
should be taken. 


ExampLe.—March 15, 1858, the following measures of the 
sun’s horizontal diameter were taken: 


On the arc. Off the are. 

= 33) A” + 33’ 10” 

(44 10 (73 0 

(14 15 74 20 

“ 95 “ 45 

“« 90 “« 10 

(q4 20 (a4 10 
Means — 31 18.3 + 83 10.8 
== G)ll UKs! 83 


e=+ 56.3 
Observed sun’s diameter, § = 82’ 14.6 
By the Ephemeris, $= 32 13 8 


86. To measure the angular distance of two objects with the sextant.— 
Place the threads of the telescope parallel to the plane of the 
instrument. Direct the telescope towards the fainter of the two 
objects, and revolve the sextant about the sight-line until its 
plane produced passes through the other object, observing to 
have the index glass on the side towards this object. Then 
move the index until the reflected image of the second object is 
nearly in contact with the direct image of the first; clamp the 
index, and make an exact contact (at the middle point between 
the threads) by means of the tangent screw. The reading of the 
_are will be the instrumental distance: applying to this the index 
correction according to its sign, the result will be the observed 
distance. 
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In order to make a good observation, it is important that the 
two images whose contact is observed should be equally bright. 
Hence, we direct the telescope towards the fainter object, so that 
it may be the brighter one which suffers the double reflection. 
But in observing the distance of the moon from a star it will 
generally be found that, even after the double reflection, the image 
of the moon is so bright that the star will appear very indistinct 
unless the telescope is raised (by the screw for that purpose) so 
that the sight-line is directed through the transparent part of the 
horizon glass; for then, a portion of the reflected rays from the 
moon being lost, the intensity of its light is rendered more 
nearly equal to that of the star. When the distance of the sun 
and moon is observed, the telescope is usually directed towards 
the moon, and the intensity of the sun’s rays is diminished by 
putting one or more of the colored shades between the index and 
horizon glasses. It will be found necessary in this case also to 
regulate the distance of the telescope from the plane of the 
instrument, in order to give the image of the moon the same 
intensity as that of the sun. It is a common error of inexpe- 
rienced observers with the sextant to have the images too bright. 
It is essential to a good observation, Ist, that the images be well 
defined by carefully adjusting the focus of the telescope; 2d, that 
they be so faint as not in the least to fatigue the eye, yet perfectly 
distinct; 3d, that their intensities should be as nearly as possible 
equal. 

In the case of the moon and a star, we observe the distance of 
the star from that point of the moon’s bright limb which lies in 
the great circle joining the star and the moon’s centre. To 
ascertain that this point has actually been brought into contact 
with the star, the sextant must be slightly revolved or vibrated 
about the sight-line (which is directed towards the star), thus 
causing the moon to sweep by the star; the limb of the moon 
should appear to graze the star as it passes, or, rather, the limb 
should pass through the centre of the star’s light, for in the 
feeble telescope of the sextant the star does not appear as a well 
defined point. 

In the case of the moon and a planet we bring the reflected 
image of the moon’s limb to the estimated centre of the planet. 

In the case of the moon and the sun, the contact of the nearest 
limbs is observed, vibrating the instrument as above stated, and 
making the limbs just touch as they pass each other. 
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It facilitates the observation of lunar distances to set the index 
approximately upon the angular distance before commencing 
the observation. The approximate distance for a given time 
may be found from the Ephemeris (see Vol. I. Art 65); the dis- 
tance thus found is in the case of the sun and moon to be 
diminished by the sum of the semidiameters of the two bodies 
(say 32’), and in the case of the moon and a star or planet it is 
to be diminished or increased by the moon’s semidiameter (say 
16’), according as the bright limb is nearer to or farther from the 
star than the moon’s centre. This proceeding is also a check 
against the mistake of employing the wrong star. 


87. To observe the altitude of a celestial body with the sextant and 
artificial horizon.—The artificial horizon is a small rectangular 
shallow basin of mercury, over which is placed a roof, consisting 
of two plates of glass at right angles to each other, to protect the 
mercury from agitation by the wind. The mercury affords a 
perfectly horizontal surface which is at the same time an excel- 
lent mirror.* If JLN (Fig. 21) is the horizontal 
surface of the mercury, SB a ray of light from a ees 
star, incident upon the surface at 6, BA the re- 
flected ray, then an observer at A will receive 
the ray BA as if it proceeded from a point S’ 
whose angular depression MBS’ below the hori- 
zontal plane is equal to the altitude SBM of the i 
star above that plane. If then SA is a direct ray saya 
from the star, parallel to SB, an observer at A 
can measure with the sextant the angle SAS’ 
= SBS’ = 2SBM, by bringing the image of the 
star reflected by the index glass into coincidence 
with the image S’ reflected by the mercury and seen through 
the horizon glass. The instrumental measure, corrected for 
index error, will be double the apparent altitude of the star. 

The sun’s altitude will be measured by bringing the lower 


* Observers are sometimes annoyed by impurities in the mercury which float on 
its surface, and imagine that it is important to have very pure distilled mercury. 
I have found it preferable to use mercury amalgamated with tin (a few square 
inches of tin foil added to the mercury of an ordinary horizon will answer). When 
the mercury is poured out, a scum of amalgam will cover its surface: this scum can 
be drawn to one side of the basin with a card or the smooth edge of a folded piece 
of paper, leaving a perfectly bright reflecting surface, entirely free even from the 
minutest particles of dust. 
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limb of one image to touch the upper limb of the other. Half 
the corrected instrumental reading will be the apparent altitude 
of the sun’s lower or upper limb, according as the nearest or 
farthest limbs of the direct and reflected suns were brought into 
contact. For examples, see Vol. I. Arts. 145, 151, &e. 

In observations of the sun with the artificial horizon, the eye 
is protected by a single dark glass over the eye piece of the 
telescope, thereby avoiding the errors that might possibly exist 
in the dark glasses attached to the frame of the sextant. 

The glasses in the roof placed over the mercury should be 
made of plate glass with perfectly parallel faces. If they are at 
all prismatic, the observed altitude will be erroneous. The error 
may be removed by observing a second altitude with the roof in 
reversed position, and, in general, by taking one-half of a set 
of altitudes with the roof in one position and the other half with 
the roof in the reverse position. It is easily proved that the 
error in the altitude produced by the glass will have different 
signs for the two positions: so that the mean of all the altitudes 
will be free from this error. 

Instead of the mercurial horizon, a glass plate is sometimes 
used, standing upon three screws, by means of which it is levelled, 
a small spirit level being applied to the surface to test its hori- 
zoutality. The lower surface of the plate is blackened, so that 
the reflexion of the celestial object takes place only at the upper 
surface. 


88. In the observation of the altitude of a star with the arti- 
ficial horizon, it requires some practice to find the image of the 
star reflected from the sextant mirrors; and sometimes, when 
two bright stars stand near each other, there is danger of em- 
ploying the reflected image of one of them for that of the other. 
A. very simple method of avoiding this danger, by which the 
observation is also facilitated, has been suggested by Professor 
Kwnorre, of Russia.* From very simple geometrical considera- 
tions it is readily shown that at the instant when the two images 
of the same star—one reflected from the artificial horizon, the 
other from the sextant mirrors—are in coincidence, the inclina- 
tion of the index glass to the horizon is equal to the inclination 
of the sight-line of the telescope to the horizon glass, and. is, 


* Astron. Nach., Vol. VII. p. 262. 
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therefore, a constant angle, which is the same for all stars. If, 
therefore, we attach a small spirit level to the index arm, so as to 
make with the index glass an angle equal to this constant angle, 
the bubble of this level will play when the two images of the 
star are in coincidence in the middle of the field of view. With 
a sextant thus furnished, we begin by directing the sight line 
towards the image in the mereury; we then move the index 
until the bubble plays, taking care not to lose the image in the 
mercury; the reflected image from the sextant mirrors will then 
be found in the field, or will be brought there by a slight 
vibratory motion of the instrument about the sight line. 

It is found most convenient to attach the level to the stem 
which carries the reading glass, as it can then be arranged so as 
to revolve about an axis which stands at right angles to the plane 
of the sextant, and thus be easily adjusted. This adjustment is 
effected by bringing the two images of a known star, or of the 
sun, into coincidence, then, without changing the position of 
the instrument, revolving the level until the bubble plays. 


89. Observations on shore may be rendered more accurate by 
means of a stand to which the sextant can be attached, and 
which is so arranged that the sextant can be placed in any 
required plane and there firmly held. The manipulation must be 
learned from the examination of the stands themselves, which 
are made in various forms. 


90. On account of the feeble power of the sextant telescope 
and consequent imperfect definition of the sun’s limb, the 
apparent diameter of the sun is somewhat increased. This error, 
however, may be removed by taking the mean of two sets of 
altitudes, one of the lower limb and one of the upper limb. 


91. To measure an altitude of a celestial object from the sea horizon. 
—Direct the telescope towards that part of the horizon which is 
beneath the object. Move the index until the image of the 
object reflected in the sextant mirrors is brought to touch the 
horizon at the point immediately under it. To determine this 
point, the observer should move the instrument round to the 
right and left (by a swinging motion of the body, as if turning 
on his heel), and at the same time vibrate it about the sight line, 
taking care to keep the object in the middle of the field of view: 
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the object will appear to sweep in an arc the lowest point of 
which must be made to touch the horizon, by a suitable motion 
of the tangent screw. 

In general, altitudes for determining the time should be taken 
when the altitude varies most rapidly ; and this is near the prime 
vertical. (See Vol. I. Arts. 143 and 149.) If the object is the 
sun, the lower limb is usually brought to touch the horizon ; if 
the moon, the bright limb. 

The apparent altitude of the point observed is found by cor- 
recting the sextant reading for the index error, and subtracting 
the dip of the horizon. (Vol. I. Art. 127.) To obtain the ap- 
parent altitude of the sun’s or moon’s centre, we must also add 
or subtract the apparent semidiameter. (Vol. I. Art. 185.) 


92. As the sea horizon is often enveloped in mist, even when 
the celestial bodies are visible, various attempts have been made 
to obtain an artificial horizon adapted for use on shipboard. 
The simplest apparatus heretofore proposed for the purpose is 
that of Capt. Becusr, of the English Navy. ‘ Outside the horizon 
glass of the sextant is a small pendulum about an inch anda 
half long, suspended in oil (in order to check its sudden oscilla- 
tions); to the pendulum is attached a horizontal arm, carrying 
at the inner end a slip of metal which is seen in the field of the 
telescope at the usual focus, and whose upper edge when it coin- 
cides with a given line is the true horizon. The error is easily 
determined by a known altitude, and is the same for all altitudes. 
The apparatus, which is in a very compact form, is easily attached 
to any reflecting instrument, and is shipped and unshipped at 
pleasure. A lamp is attached for observing at night.”* With 
this apparatus, when the motion of the ship is not too great, an 
altitude can be obtained within 5’ by a practised observer; and 
this is often sufficient. 


93. Method of observing equal altitudes with the sextant.—Some 
observers set the sextant at pleasure, and note two instants, 
namely, the contact of the nearest and farthest limbs of the two 
images of the sun (one from the sextant, and the other from the 
mercurial horizon), both morning and evening, without touching 


* Raper’s Practice of Navigation, 2d edition, p. 151. It does not appear, how- 
ever, how the slip of metal behind the horizon glass could be distinctly seen in the 
ficld of the telescope. A plain tube must be used. 
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the index in the mean time. With a star they obtain but one 
observation on each side of the meridian. This practice is de- 
signed to secure the condition that the altitudes observed before 
and after meridian shall be absolutely identical, which may not 
be the case of the index if the sextant is moved and brought 
back again to the same reading. The errors to be feared, how- 
ever, from not setting the index correctly on a given reading, 
are, in general, so much less than errors of observation, that it 
is better to sacrifice this merely theoretical consideration for the 
sake of multiplying the observations. The following method 
will be found convenient in practice. 

Ist. Mor the sun.—In the morning, bring the lower limb of the 
sun, reflected from the sextant mirrors, and the upper limb of 
that reflected from the mereury, into approximate contact; 
move the 0 of the vernier forward (say about 10’ or 20’) and set 
it on a divisior of the limb; the images will now appear over- 
lapped, and will be separating; wait for the instant of contact: 
note it by the chronometer, and immediately set the vernier on 
the next division of the limb, that is, 10’ in advance; note the 
instant of contact again, and proceed in the same manner for as 
many observations as are thought necessary. If the sun rises 
too rapidly, let the intervals on the limb be 20’. 

Now, find (roughly) the time when the sun will be at the same 
altitude in the afternoon, and just before that time set the vernier 
on the last altitude noted in the morning (of course employing 
the same sextant); the images will be separated, but will be ap- 
proaching; wait for the instant of contact; note it by the chro- 
nometer; set the vernier back to the next division of the limb 
(10’ or 20’, as the case may be); note the contact again, and so 
proceed until all the A.M. altitudes have been again noted as 
P.M. altitudes. 

Tf, instead of noting the times directly by the chronometer, a 
watch is employed (compared with the chronometer both before 
and after each observation), it will generally be found necessary 
to allow for its gain or loss on the chronometer, so as to obtain 
the exact difference between the two at the instant of observation. 

The mean of all the A.M. chronometer times and the mean of 
all the corresponding P.M. times are regarded as two simple obser- 
vations of the same altitude, and the computation proceeds from 
these according to the method and example of VO la EArt: 140. 

2d. For a star.—Set the sextant, and note the coincidences of the 
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two images of the star in the same manner as the contacts of the 
sun’s limbs are oberved. 

In selecting stars for this observation, it is to be observed that 
the nearer the zenith the star passes, the less may the elapsed 
time be; and when the star passes exactly through the zenith, 
the two altitudes may be taken within a few minutes of each 
other. But with the ordinary sextants altitudes near 90° cannot 
be taken with the artificial horizon, as the double altitude is then 
nearly 180°. The prismatic sextants and circles of Pistor and 
Martins cre adaptea for measuring angles of all magnitudes up 
to 180°, and are, therefore, especially suitable for these observa- 
tions. 


94. To examine the colored glasses.—The two faces of any one of 
the colored glasses, or shades, may not be parallel. The glasses 
then act like prisms with small refracting angles, which change 
the direction of the rays passing through them, and, consequently, 
vitiate the angles measured. To examine them, measure the 
sun’s diameter with a suitable combination of shades; then in- 
vert one of the shades, turning it about on an axis perpendicular 
to the plane of the sextant, and repeat the measure; the half 
difference of the two measures will be the error produced by 
that shade. A number of measures must, of course, be taken in 
both positions of the shade, in order to eliminate accidental 
errors of observation. 

In order to save the necessity of this examination, the shades 
are so arranged in Piston and Martin. sextants that they may 
be instantaneously reversed. We have then only to take one-half 
of a set of observations with one position of the shades, and the 
other half with the reverse position, and take the mean of all the 
measures, in order fully to eliminate the errors of these glasses. 


95. To find the constant angle between the sight line and the per- 
pendicular to the horizon glass—A knowledge of the value of 
this angle will be useful in following out the theory of the 
errors of the sextant in the subsequent articles. It varies in 
different instruments, and must be found for each by a special 
examination. Let the sextant be placed on a firm horizontal 
support; direct the sight line towards a distant object B, Fig. 
22, and bring the two images of the object into coincidence. 
The mirrors M and m are then parallel; and, if we put 
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& = the angle between the sight line and the perpendicular 
to the horizon glass, 


we have 
BMn = Mn = 22 


We have, therefore, only to find some means of measuring the 
angle BMm. Leaving the sextant in 
its present position, place a theodolite 
in the line Mm produced, with its tele- » 
scope 7‘NV on a level with the sextant as me 
mirrors and looking into the index 
glass; adjust it so that the image of 
B reflected from M shall be seen upon 
the cross-wire w in the focus. Rays y 
from w passing through the object glass 
WV emerge in parallel lines, as if from 
an infinitely distant object lying in the 
direction MNT. Bring the sextant tele- 
scope to look into the theodolite tele- 
scope, and reflect the image of B to the cross-wire: the reading 
of the sextant corrected for the index error is the measure of the 
angle BMm, or of 28. If the object is not very distant, the 
angle subtended by the distance Mm at the object may be ap- 
preciable. This angle may be called the sextant parallax, and 
denoted by p. We shall have 


BMn = 28 — p 


Fig. 22. 
M 


gH 


When the object and its reflected image are in coincidence, let 
the reading be R, and let x be the true index correction for an 
infinitely distant object; then we have 


Pee (58) 
and when the object is reflected to the cross-wire of the theodo- 
lite, let the sextant reading be A’; then we have 


ae ial (59) 
and from these two equations, 
Li Nie YS (60) 


By this method I found for one of TRoveHTon’s sextants, at 
the Naval Academy, 28 = 38° 6’. 
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96. The sextant parallax for an object at a known distance is 
found with the aid of the angle #. Let 


f = the distance of the index and horizon glasses, 
d= the distance of the object from the index glass. 


The perpendicular drawn from M upon m£ is equal to f sin 28; 

and for the angle p at the object, subtended by this perpendicular, 

we have 

a f sin 28 ae p= en 22 
d dsin 1” 


sin p (61) 

From this formula we may find a rough value of # when p has 
been determined for a near object by means of (58) and f and d 
are carefully measured. 

The distance of an object for which the sextant parallax will 
be 1’ will be found by the equation d =f sin 2@cosec1’’. In 
the sextant mentioned in the preceding article we have f= 3 
inches, whence d = 5.33 miles. 

In measuring horizontal angles between terrestrial objects, 
the effect of the sextant parallax may be eliminated by deter- 
mining the index correction from the object which is seen 
directly through the horizon glass. This index correction will 
involve the parallax, and, when applied to the sextant reading 
of the angular distance between the objects, will give the angle 
subtended by the objects at the centre of the sextant. The sex- 
tant must, of course, remain in the same position in the measure 
of the angle and the determination of the index correction. 


97. To determine the error produced by a prismatic form of the index 


nae glass.—Let us first consider the case of a 
1g. 40. 


Pr P glass with parallel faces. Let MM’, NN’, 

a 4 Fig. 23, be the parallel faces, of which 

VN’ is silvered. An incident ray AB is 

refracted by the glass at B, and takes the 

Mt! - “ direction BC; at C it is reflected into 

m! m OB’; and at B’ it is refracted into BA’. 
oh eve N If we put 


m = the index of refraction for glass, 
yg = the angle of incidence ABP, 

%& — the angle of refraction DBC, 

g’ = A BUR 

Oca DBO. 


ERRORS OF THE INDEX GLASS. LOO 


we have, by Optics, 
sin 9 = m sin # 
sin g’ = m sin 8’ 


But when the faces MM’ and NWN’ are parallel, the normals BD 
and B’D’ are also parallel; moreover, the incident ray BC upon 
NN’, and the reflected ray CB’, make equal angles with DD’: 
hence, also } = #, and, consequently, g = 9’. If AB and A’B’ 
are produced to meet in C’, we see that A’B’ has the same direc- 
tion that it would have had if it had been reflected directly from 
the plane surface mC’m’ parallel to MM’ or to NN’. The re- 
fraction which the ray suffers in passing through the glass, there- 
fore, produces no error when the surfaces of the glass are parallel. 
It may here be remarked, also, that it is not necessary that the 
reflecting surface of the mirror should stand exactly over the 
centre of the are of the sextant. 

Let us next consider the case of a glass whose faces are not 
parallel, as 1’B, N’D, Fig. 
24, which, produced to meet 
in M, form a prism MM’'N’. 
Let us assume that these faces 
are perpendicular to the plane 
of the sextant, and, conse- 
quently, that the refracting 2 = on 
edge of the prism is also per- 
pendicular to this plane. The incident and reflected rays will 
be found in a plane parallel to that of the sextant. The ray 
being traced through the glass, we shall have, as before, employ- 
ing the same notation, 


Bie Mes m are e \ (62) 
sin g == m sin 3 


but here 3 and & are no longer equal. If we put 
M = the angle of the prism = M’MN’ 
we shall evidently have 


90° 8 = OBB'— BCD + M 
90° — = CB’/B=— B'CD’— M 


and, since BCD = B’ CD’, the difference of these equations gives 
$23 — 2 (63) 


110 SEXTANT. 


From (62) and (63), g, m, and M being given, we can determine 
yg’, or the difference g’— gy. From (62) we deduce 


cos 3 (y + ¢') sin t(g’— g) = m cos2( + #) sin 2 (H — #) 


whence, by (68), 
Cos 2 G — 3) 


sin (9 = 9) — mains veepren ss 


As M is always a very small angle, approximate values may be 
employed in the second member of this equation: it will be suffi- 


cient to take 
cos & 


CCS ¢ 


sin $(¢’— g) = msinM. 
or 


sin? 
gy’ — gy = 2mM sec ree ee 


which may be reduced to the form 


g' — O) a 2MV1 + (m* — 1) sec? gy 


or, finally, by putting 
¢ ee 
to the form 
¢ —¢=2MV 1+ sec? ¢ (64) 
The error varies with g, and consequently with the angle mea- 


sured. If 


7 = the angle given by the sextant, 
we have, in Fig. 19, PMm = PMp + pMm, or 
g=i7+8 (65) 


The whole error in the measured angle will be the difference of 
the errors produced at the reading 7 and at the zero point of the 
sextant; and at the zero point we have gy = 8. Hence the error 
will be the difference of the values of (64) for g = 47 + f and 
y = f, so that, if 7’ denotes the true value of the angle, we shall 
have 


y—7 =2M [VIF PeeGs +h —VitGeces] (66) 


For glass we have usually m = 1.55, and hence g?= 1.4025. IEf 
M = 10’, 8 = 10°, and 7 = 120°, we shall find 7 — y’= 41”. 
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The effect of the error in the glass is evidently less for small 
values of § than for large ones. Moreover, the smaller the angle 
f, the larger the angle which can be measured with the sextant, 
for all reflection from the index glass ceases when g = 90°, and 
this value gives by (65) 7 = 180° — 2 as the limit of possible 
measures with the instrument. 

The preceding investigation is confined to the case in which 
both faces of the glass are perpendicular to the sextant plane; 
but it suffices to show the nature of the effect produced. This 
case is, moreover, that in which the effect is greatest. 

The glass reflects from its outer face as well as from its silvered 
face, though in a less degree. If the faces are parallel, the rays 
from a distant object reflected from the two faces will be parallel 
after leaving the glass; they will, therefore, be converged to the 
same focus in the telescope and produce but a single image of 
the object. But if the glass is prismatic there will be two images, 
a fainter image superposed upon the stronger one and not quite 
coincident with it. The effect will be to give an image with an 
indistinct outline; a star will present a somewhat enlarged or 
elongated image. We can, therefore, very readily determine 
whether the glass is prismatic by examining the reflected image 
of a star when the index is set upon a reading of about 120°. 

The best makers will reject a glass that does not stand this 
test. If, however, an instrument is found to be defective in this 
respect, we may determine the error produced by it as follows. 
After carefully adjusting the instrument and finding its index 
correction, measure a large angle between two well defined ter- 
restrial objects. Then take out the index glass and invert it 
(so that the edge, which was before uppermost, may now be next 
the plane of the instrument), readjust the instrument, determine 
the new index correction, and again measure the angle between 
the two objects. Half the difference of the two measures will be 
the error in either measure produced by the glass. The same 
process repeated for a number of angles of various magnitudes 
will furnish a table of errors, from which the error for any par- 
ticular angle may be obtained by interpolation. 


98. A prismatic form of the horizon glass affects all angles, the 
index correction included, by the same quantity, and therefore 
produces no error in the results. 
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99. To determine the error produced by a small inclination of the 
sight line to the plane of the sextant.—The directions of lines in 
space are most clearly represented by points on the surface 
of a sphere described about an assumed centre with an arbitrary 
radius (Vol. I. Art. 1). The radii drawn parallel to any given 
lines in space will intersect each other under the same angles as 
those lines, and these angles will be measured by the arcs of 
great circles joining the extremities of the radii on the surface 
of the sphere. Let us here take the centre of the sextant are 
as the centre of such a sphere. Let O, Fig. 25, be that centre, 
OP the direction of the perpendicular 
to the index glass, Op that of the per- 
pendicular to the horizon glass. The 
points P and p are the poles of the 
great circles whose planes are parallel 
to those of the glasses, and may be 
called, briefly, the poles of the index 
| glass and horizon glass, respectively. 
Let OA be the direction of the sight 
line. When the instrument is per- 
fectly adjusted, the lines OP, Op, and 
OA are in the same plane, which is 
parallel to that of the sextant. The course of a ray which 
reaches the eye will be most readily followed by tracing it back- 
wards from the eye. Thus, the ray OA coinciding with the sight 
line is reflected from the horizon glass in the direction BO, so 
that pB = pA. It is then reflected from the index glass in the 
direction OC, so that PB = PC; and OC is therefore the direc- 
tion of an object whose image is reflected to the eye in the same 
direction, AO, in which another object is seen directly. Hence 
AOC, or AC, is the angular distance of the objects. From this 
construction we obtain easily AC =2Pp, which is the funda- 
mental property of the sextant (Art. 79). 

But if the sight line is inclined to the plane of the instrument, 
it meets the sphere in a point A’ not in the great circle Pp. 
The inclination is measured by the are AA’ perpendicular to 
Pp, which is a part of the are QA’A drawn through A’ and the 
pole Y of the great circle. The point @ may be called the pole 
of the sextant plane. Tracing the ray OA’ backwards, we ob- 
serve that the plane of reflexion from the horizon glass is repre- 
sented by the great circle A’pB’, determined by the ray and the 
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normal Op, so that if we take pB’ = pA’, the retiected ray takes 
tne direction B/O. The plane of reflexion from the index glass 
will be represented by the great circle B’PC’, and by taking 
PC’ = PB’, OC’ will be the direction of the reflected ray. 
Hence, A’C’ will be the true angular distance of the two objects 
observed in contact; while AC or 2 Pp will be the angle given 
by the sextant. Let 


y = the angle given by the sextant — AC, 
7’ = the true angle Sa Aes 
¢ = the inclination of the sight line = AA’. 


It is evident that CC’ = BB’ = AA’, and therefore QA’C" is an 
isosceles triangle of which the angle @ =7, the side A’C’= 7’, 
and the side QA’ or QC’ = 90° — i. If then we divide this 
triangle into two rectangular ones by a perpendicular from Q, 
we obtain 

sin 37’=— cos? sin ty (67) 


for which, as 7 is always very small, we may take the approxi- 
mate equation* 
y —y = -Psin I tan dy (67%) 


According to the second method of adjustment in Art. 84, if 
the mark is placed at a distance of 20 feet, and if the error of its 
position in a vertical direction is not more than 4 an inch (which 
is a large error in such a case), the telescope adjusted to it will 
have an inclination which will be found by the equation sini 


= wee which gives? = 7’ 10’. Taking this value of 7, the 
formula (67*) gives 7’ — 7 = — 0/’.897 tan 47, and for 7 = 120°, 
vy’ — 7 =— 1.5. The error may therefore be regarded as evan- 


escent when ordinary care has been bestowed upon the adjust 
ment. When the error exists, the observed angles are always too 
great. 


100. If the contact of the images of two objects is made on 
either side of the middle of the field of the telescope, the actual 
sight line is inclined, although the axis of the telescope may be 
parallel, tg the sextant plane. 


* This approximate equation can be deduced from (67) or taken directly from 
Sph. Trig. (112). 
Vou. II.—8 
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The inclination of this actual sight line can be estimated by 
the aid of the angular distance of the threads. To find this 
distance, place the threads at right angles to the plane of the 
sextant, bring the direct image of a distant, well defined line on 
one thread, and the reflected image on the other thread, and 
read the arc; then move the index until the images have 
exchanged places on the threads, and again read the arc; the 
half difference of the two readings is the angular distance of 
the two threads. 

Let this distance of the threads be denoted by 0, and suppose 
an angle 7 is observed by making the contact at a distance nd 
from one of the threads (the fraction m being estimated at the 
time of making the observation); then the inclination of the 
actual sight line to the true sight line corresponding to the 
middle point between the threads will be 1— 40 — no, with 
which value of 7, the correction of the observed angle 7, will 
be found by (67*). 

The distance 0 in the best sextant telescopes will not exceed 
30’. When the instrument is held in the hand, we cannot make 
all contacts exactly in the middle of the field; but, if we assume 
that we can always make them at a distance greater than 40 
from either thread (which a little practice will enable us to do), 
we shall always have i < 40, ori < 5’, and hence the correction 
7’ —7 < 0.44 tan3y. For any tolerably good observer, there- 
fore, this correction will be practically insensible. 

At the same time, however, we see the importance of making 
the contacts as near to the middle of the field as possible, since 
the error always has the same sign and all the measured angles 
are liable to be too great. If a contact is made on either thread, 
and we have 0 = 30’, the error in y will be 3’’.93 tan dy, or 6’’.8 
tO) Org — tal WAU ees 


101. The distance 0 of the threads may also be used to find 
the inclination of the axis of the telescope, or rather of the true 
sight line. Measure an angular distance of 120° or more, be- 
tween two well defined objects; bring the images in contact first 
on one thread and then on the other (the threads being placed 
parallel to the plane of the instrument), and let the readings on 
the arc bey and7,. Then, 7’ being the true reading in either 
case, and 7 the inclination of the true sight line, we have 
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“a 


3 aN teres 
a r=—(5 —i| sin 1” tan 7 


0) aeaen 
7—n= (5 4 i) sin 1” tan 37, 
whence, taking tan $7 = tan 47, in the second members, 


2 fee 
20 sin 1” 


NH 


r (68) 


It is evident that, when 7 is positive, the greater measure is 7,, 
taken on the thread nearest the plane of the instrument, and 


oa zis the distance from this thread to the point in the field 


which represents a direction parallel to the plane of the sextant. 
Hence the first method of adjusting the telescope given in Art. 84. 


102. To find the error produced by a small inclination of the index 
glass—The horizon glass, being ad- ae 
justed by means of the index glass on 
(Art. 83), may be supposed to have the 
same inclination. Let pP (Fig. 26) be 
the great circle of the sextant plane; 
let the poles of the mirrors be at P’ 
and p’, and put 


1 = the inclination of the index glass — PP’ = that of the 
horizon glass = pp’. 


If we suppose that the sight line is adjusted by the first method 
of Art. 84, it will be found in a plane perpendicular to both 
mirrors, and its direction will be represented by a point A’ in the 
great circle p/P’. The direct ray from the eye to an object A’ 
will be reflected in the direction B’, and thence to C’, these points 
all lying in the same great circle; A’C’ will be the true distance 
7’ of the objects observed, and p/P’ = $7’ will be the true angle 
of the mirrors, while pP= 4; will be the angle given by the 
sextant reading. In the isosceles triangle P’Qp’, we have the 
angle p/QP’= 437 and Qp’= Qi” = 90° — 1; and, dividing it 
into two right triangles by a perpendicular from Q, we obtain 


sin +7’ cos /sinty (69) 


116 SEXTANT. 


whence, very nearly, 
7 —y = — 20 sin 1" tan ty (69*) 


By the method of adjusting the index glass given in Art. 82, 1t 
may easily be placed within 6’ of its true position, and for 
faa = 300, and. = 120°) this formularcives 6 re 
Hence, with ordinary care, this error will also be practically 
insignificant. 

The inclination of the sight line, in this solution, is variable 
with the angle measured. Denoting it by 7” = AA’, we readily 
find, by the aid of a perpendicular from Q upon p’P’, 


Bice nage a) (70) 
COS TY 
in which @ = Ap; or 
v = I see ty cos (47 — f) (70*) 


‘103. If, however, the sight line is not determined as above 
supposed, but has a constant inclination to the plane of the sex- 
tant, denoted by 7, its inclination to the plane of reflection p’P’ 
will be 7’ — 7, and the additional error produced by this inclina- 
tion will be found by (67*) to be 


— (e’ — 7)? sin 1” tan 37 
Combining this with (69*), the complete formula is 
7y —y=— 2/ sin 1” tan +7 — [Usec ty cos (47 — &) — 7} sin 1” tan ty 
which can be put under the form 
7 —y—=—2sin 1” tant, [2 + sec 37 [l cos (4y 8) —icosty}] (71) 


which agrees with Encxn’s formula in the Berlin Jahrbuch for 
1830, p. 292. 

Taking, as an extreme case, | = 5’,i = — 5’, y= 120°, 8 = 30°, 
this gives 7’ — 7 = — 4/’.0. 


104. To find the error produced by a small inclination of the horizon 
glass.— Assuming that the index glass and the telescope are in 
adjustment, let the pole of the horizon glass be at p’, Fig. 27, 
the pole of the index glass being at P, and the sight line directed 
towards A in the plane of the sextant. The ray from the eye 
towards A is reflected to B’ in the arc Ap’, so that p’B’ = p’A, 
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and thence to C’, which is at the distance CO’ = BB’ from the 
great circle pPC. AC=j is the 


angle given by the sextant; and # ve a 

AC" =,’ is the true angular dis ,| +a 

tance between the two objects whose i 
images are observed in contact. a 
Putting 


k = the inclination of the horizon glass = pp’, 
Mm = CO = BB b= Ap, 


we have from the triangles App’ and ABB’, very nearly, 


m = 2k cos B 
and, from the triangle AC’C, 


cos 7’ = cos m cos y 
whence 
7 — 7 = $m’ sin 1” cot y = 2k’ sin 1” cos? £ cot 7 (72) 


This error is sensible only for small values of y. For 7 = 0 the 
expression becomes infinite; for in fact it is inapplicable in this 
case, since when the horizon glass is inclined it is impossible to 
make a contact of two images of the same point. But in the deter- 
mination of the index correction by the sun, the limbs of the 
two images will be brought into contact alternately on each side 
of the true zero point of the arc, and we shall have 7 = + 0° 32’. 
For this case, with @ = 30° and k = 30” (which ought to be 
the maximum error in the adjustment by Art. 83), we find 
7y/—7==+ 0".T; and even this error is eliminated from the 
index correction itself. For all angles greater than 0° 32’ the 
error is wholly inappreciable. 


105. To find the eccentricity of the sextant.—As the arc of the 
sextant is limited, the method of determining whether the centre 
about which the index arm revolves is coincident with the centre 
of the graduations by means of two verniers 180° apart (Art. 28) 
is notapplicable. We can find the eccentricity only by comparing 
various angles measured with the sextant with their known values 
found by some other means. Thus, the angular distances of a 
number of terrestrial points situated in a horizontal plane may 
be accurately determined with a good theodolite and then also 
measured with the sextant. 
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Or we may measure with the sextant the distance of two well 
known fixed stars and compare it with the apparent distance 
computed from their right ascensions and declinations. The re- 
fraction, however, must be taken into account, which may be 
done in either of two ways. 1st, The true distance of the stars 
will be found as in the case of the moon and a star, Vol. I. 
Art. 255. Then the apparent distance will be found by the 
formule (448) and (449) of Vol. I, in which we must for this 
case suppose h’, H’,d’ to be the true altitudes and distance, and 
h,, H,, d, to be their apparent values affected by refraction. The 
altitudes will be computed by Art. 14, Vol. I, the local time, 
and consequently the hour angles of the stars, being given. 

2d. We may compute the zenith distances and _ parallactic 
angles of the stars for the time of the observation by Vol. I. Art. 
15, and then the refraction in right ascension and declination by 
Art.120. We shall then have the apparent right ascensions and 
declinations, from which the apparent distance will be directly 
computed by the method of Vol. L Art. 255. j 

Now, let 7 be the sextant reading, x the index correction (here 
supposed to be unknown, as we must regard the zero point as 
likewise affected by the eccentricity), 7’ the true value of the 
measured angle, e the eccentricity; then, since the readings of the 
sextant are double the true arcs, we have, by (9), 


y—( + £)= 2esnGy + #) 
er, putting n = 7’ —j7, 
x + 2e cos H sinsy' + 2e sin H cosy =n (73) 


To find the three unknown quantities x, 2ecos H, and 2esin £, 
we must have three such equations derived from three angles 
falling in different parts of the are,—for example, near 0°, 60°, and 
120°. If we have measured a large number of angles, of various 
magnitudes, we can treat the equations by the method of least 
squares. 

As the index correction is liable to change from one observa- 
tion to another, we can let y represent the reading corrected for 
the index error found at each observation, and then x will be the 
correction of the zero point for eccentricity. 
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THE SIMPLE REFLECTING CIRCLE. 


106. If the are of the sextant is extended to a whole circum- 
ference, the index arm may be produced and carry a vernier 
upon each extremity. The mean of the readings of the two 
verniers may then be taken at every observation, and will be 
wholly free from the error of eccentricity. This constitutes a 
simple reflecting circle, the manipulation of which is in every 
respect the same as that of the sextant. It has not only the 
advantage of eliminating the eccentricity, but at the same time 
of diminishing the effect of errors of reading and accidental 
errors of graduation, since every result is derived from the 
mean of two readings at two different divisions of the are. The 
only objection to the instrument is found in the slight increase 
of its weight. 

The simple reflecting circles of TRovguton are read by three 
verniers at distances of 120°; but, as the eccentricity is already 
fully eliminated by two verniers, the third can increase the 
accuracy of a result only by diminishing the effect of errors of 
reading and of graduation. If ¢, is the probable error of the 
mean of two readings, that of the mean of three readings will be 


f= 5 V2 == 0.815, 


so that if two verniers reduce the error to 5’ the third will only 
further reduce it to 4/’, an increase of accuracy which for a 
single observation is not worth the additional complication and 
weight and the trouble of reading. As was to be expected, 
these instruments, though of very refined and perfect construc- 
tion, have been but little used. 

The prismatic reflecting circles of Pistor and Martins noticed 
below have but two verniers, and combine many practical ad- 
vantages. 


THE REPEATING REFLECTING CIRCLE. 


107. In the repeating reflecting circle the small mirror, or 
horizon glass, is not permanently attached to the frame of the 
instrument, but is attached to an arm which revolves about the 
eentre of the instrument. As the telescope must always be 
directed through this glass, it is also attached to the same arm 
and revolves with it. This arm also carries a vernier at its 


extremity. 
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Let: ETH (Fig. 28) be the revolving arm to which are attached 
the small mirror m, the 
telescope 7, and the ver- 
nier, or index H; M the 
central mirror which is 
revolved by the arm MJ, 
carrying the vernier, or 
index J. In accordance 
with the nomenclature in 
nautical works, we shall 
eall H the horizon index, 
and J the central index. 

The are is graduated 
from 0° to 720° in the di- 
rection HIE. 

Let A and B be the objects whose angular distance is to be 
measured. First: let the central index J be clamped at any 
assumed point of the arc. Bring the plane of the instrument to 
pass through the two objects. Direct the telescope towards the 
right hand object B, and, without touching the central index, 
move the horizon index H (or rather revolve the instrument, 
keeping the telescope bearing on B), until the image of the left 
hand object A is reflected from the central mirror M to the 
horizon glass m, and thence to the eye, and thus into coincidence 
with the object B seen directly. This completes the first part 

of the observation. Now, 
Fig. 29. 5 : : 

A leaving the horizon index 
fT clamped in this posi- 
tion, unclamp the central 
index J; direct the tele- 
scope to the left hand 
object A, Fig. 29, and 
move the index J for- 
ward (in the direction of 
the graduations) until the 
‘reflected image of the 
right hand object B is 
brought to coincide with 
the direct image of A. 
This completes the second 
part of the observation. 


Fig. 28. 
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Then, the difference between the readings of the central index in its two 
positions is twice the angular distance of the objects. For let R, Fig. 
29, be the point of reading of the central index before the first 
contact, and A’ that after the second contact. At each contact 
the angle of the mirrors is equal to one-half the angle measured 
(Art. 80); and it is evident that the points R and R’ are at equal 
distances on each side of that point of the are at which the cen- 
tral index would have stood had we stopped its motion when the 
mirrors were parallel. Hence the angle RMR’ is twice the 
angle of the mirrors at either contact. Denoting the angle 
measured by 7, and the readings by R and R’, we have, there- 
fore, 
2y = Rh’—R 


The half difference of the two readings is then the mean of 
two measures of the required angle; while with the sextant two 
observations are necessary to furnish one measure of an angle, 
since one observation must be made to determine the index cor- 
rection, which is here dispensed with. 

If we now recommence the observations, starting from the 
last position of the central index, this index will be found after 
the fourth contact at a reading R’’, which differs from &’ by 
twice the angle y: so that we have 


2y — Tee fs) R' 
and, consequently, 
4y— R”—R 


Continuing this process as long as we please, we shall have, after 
any even number n of contacts, a reading &, of the central 
index, and 

ny — R,— RB 


or _ 
eer Sk 


n 


(74) 


7 


Hence it is necessary to read off the are only before the first and 
after the last observed contact, which is one of the greatest 
advantages of this instrument for use on board ship in night 


observations. 


108. If the cistance of the objects is changing, as in the case 
of a lunar distance or an altitude, the difference between the 
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first and last readings will be the sum of all the individual 
measures, and the value of 7 found by dividing this sum by the 
number of observations will be the mean of all these measures. 
The time of each observation having been noted, this value of 7 
will be the value of the observed angle at the mean of these 
times, provided the angular distance is changing uniformly. 


109. We have thus far supposed the telescope to be directed 
alternately towards each object; but (as in the measurement of 
a lunar distance, for example) it is expedient to look directly at 
the fainter object and reflect the brighter one. This can be done 
by reversing the face of the instrument after each contact; for 
the relative position of the mirrors will thus be inverted without 
requiring the line of sight to be shifted from one object to the 
other. 

It is convenient in practice to distinguish the two kinds of 
observation by the relative positions of the mirrors. For this 
purpose, let a plane be conceived to be passed through the axis 
of the telescope at right angles to the plane of the circle; the 
instrument is thus divided into two portions, of which that which 
is on the same side of the perpendicular plane as the central 
mirror will be called the right, and that which is on the opposite 
side, the left; these designations, however, having no reference 
to the right and left of the observer when the instrument is held 
in various positions. 

An observation to the right is one in which the object reflected 
from the central mirror is on the right of the instrument. 

An observation to the left is one in which the object reflected 
from the central mirror is on the left of the instrument. 

A cross observation is one consisting of two observations, one to 
the right and one to the left. 

The observation to the right is precisely like that with the 
sextant. We may, in fact, use the instrument as a sextant. 
Clamp the horizon index at any point of the are; bring the direct 
and reflected images of the same object into coincidence by 
moving the central index, and read off this index. Call this 
reading A; then, making any observation to the right, let the 
reading be R’; the angle measured is R’ —R, and —R may be 
regarded as the index correction, as in the sextant. 


110. In observing altitudes with the repeating circle, the tele- 
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scope is directed to the image in the artificial horizon. The 
central index is, for convenience, set upon zero, and we com- 
mence with an observation to the left, as in Fig. 28, holding the 
instrument in the left hand. The next observation is to the 
right, as in Fig. 29, and the instrument is held in the right hand. 


111. In order to facilitate the repetition of the observations, 
the horizon glass and telescope carry with them an inner circular 
are, which is called the finder. This finder moves under the 
central index arm alternately backwards and forwards in the suc. 
cessive observations ; and, consequently, when the two places of 
the index arm have been once noted on the finder, it can be 
- brought approximately to these places for the succeeding obser- 
vations, whereby the images will be already approximately in 
contact. Two sliding stops are usually placed on the finder, and, 
when once set, serve to indicate the two positions of the central 
index. The finder is also roughly graduated for the same pur- 
pose. 


112. The adjustment and verification of the glasses and tele- 
scope are in every respect the same as for the sextant. The 
theory of the errors is also similar, only we have a compensa- 
tion of some of them which is worthy of notice and will be 
considered below. 

Dark glasses or shades are placed, as in the sextant, behind 
the horizon glass and between the horizon glass and central 
mirror, for observations of the sun. In cross observations, the 
errors of these glasses are eliminated, since their positions with 
respect to the incident rays are reversed at each alternate contact. 
In observations to the left, however, Fig. 28, it is evident that 
when the angular distance between the objects A and B is small, 
colored glasses midway between M and m would intercept a 
portion of the direct rays from A on their way to MZ. In this 
case, therefore, it becomes necessary to substitute for them a 
large shade immediately in front of the central mirror. The 
same shade serves for the observation to the right; but, as the 
angle of incidence of rays falling upon it is no longer the same 
as in the observation to the left, the error of the shade is 
not wholly eliminated. However, as the angle of incidence is 
small in both positions, the errors produced by a prismatic form 
of the shade will be small, and the partial compensation of these 
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errors which occurs will leave a residual error mostly inappre- 
ciable. 


113. To determine the error produced by a prismatic form of the 
central mirror in a cross observation with the circle-—Let us consider 
the two contacts separately. 

Ist. The observation to the right is the same as with the sextant, 
and hence we have, for this observation, by (66), 


y— 7 = 2M [V1 @set Gy +H —V1+ Gsec’ sf] (75) 
in which MW, q, 8,7, and 7’ have the same signification asin Art. 97. 


2d. In the observation to the left, the central mirror is reversed 
with respect to the incident ray, and 


Fig. 30. : : 
é a therefore the sign of M must be 
changed. But the angle of incidence 
- x ¢ is also changed. Let Mand m, Fig. 


im 30, be the positions of the mirrors, 

AM a ray from the left-hand object A 

reflected from the central mirror to m, 

z and thence to # in coincidence with 

the direct ray from the object B. Producing the faces of 
the mirrors, we readily find, from the triangle WC, 


ee A 
This value is to be used in the equation (64). The error in the 
measured angle will be the difference of the values of (64) for 
gy =—47 — f and gy = — £; and we shall therefore obtain for it 
a formula differing from (75) only in having — f instead of + 6 
and — M instead of + M. Hence the error in an observation 
to the left is 


y—7 =—2M [VIF & sec? Gy —BF) — V1+¢@sec?6] (76) 


3d. For the error in the cross observation we have, by taking the 
mean of (75) and (76), 


r—V¥ =M [VIF Psee’ Gy +H — V1 + gsee Gy —A)] (77) 


If we suppose, as in Art. 97, @= 1.4025, M= 10”, += 120°. 
6 = 10°, we find, by these formule, that the error of an observa~ 
tion to the left is 41’, that of an observation to the right is 11’, 
and that of a cross observation is 15/’.. The error of the central 
mirror, though not wholly eliminated, is reduced to about one- 
third that of a sextant observation. 
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Borpa,* to whom we owe the most important improvements in 
the reflecting circle, gave the numerical values of the formule 
(75), (76), and (77), in a small table with the argument 7, for a 
circle in which 8 = 10°. Table XXXIV. of Bowprrcn’s Navi- 
gator is derived from similar formule. 

The error produced by the central mirror for a given angle 
may be found by Art. 97, and then by means of Borpa’s table 
we may infer the correction for any other angle, by simple pro- 
portion. 


114. The errors of reading, of imperfect graduation, and of 
eccentricity are all nearly eliminated by taking a sufficient num- 
ber of cross observations. For these errors affect only the first 
and last readings, and are divided by the number of observations. 
If the sum of all the measures is very nearly 720° or 1440°, &c., 
so that the central index has made one or more complete revo- 
lutions, the eccentricity is wholly eliminated. 

The error resulting from an inclination of the sight line of the 
telescope is not reduced by repetition, since it makes every 
measure too great. (Art. 99.) 

In theory, therefore, the repeating circle is very nearly a per- 
fect instrument, capable of eliminating its own errors. As, how- 
ever, we cannot pretend to measure “what we cannot see,” the 
refinement of the circle may really be thrown away, so long as 
the optical power of its telescope is so feeble. In fact, the results 
obtained with the circle do not appear to have surpassed those 
obtained with the sextant so much as was expected trom its theo- 
retical perfection. This may, however, be due, in a degree, to 
the mechanical imperfections arising from the centring of two 
axes one within another.{ 


* Description et usage du Cercle de Réflexion, par Cu. De Borpa, 4” ed. Paris, 1816. 

+ It seems that the instrument makers have supposed that it was necessary that 
both the horizon and the central indices should be perfectly centred. In GamBry’s 
circles the axis of the central index turns within that of the horizon index, and ‘any 
shake of the latter is communicated to the former. But, if we use the instrument as 
prescribed in the text, reading off only the central index, it is quite unimportant 
whether the horizon index is correctly centred or not. It is only necessary that it 
should revolve in a plane parallel to the plane of the instrument, and should remain 
firmly clamped throughout each cross observation ; and this will be secured by giving 
it a broad bearing about the centre. The axis of the central index ought then to 
pass directly into the solid frame of the instrument, and the horizon index should 
turn upon a fixed collar, which would entirely separate it from the former. From 
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115. The circle, as above described, is capable of measuring 
no angles greater than about 140°. In this respect, therefore, 
it does not excel the sextant. A very simple addition proposed 
by M. Daussy obviates this difficulty. On the horizon index 
arm HH, Fig. 31, he places a second small mirror n, which 
is of only one-half the 
height of the silvered 
part of the horizon glass 
m. ‘The angle at which 
it stands is more or less 
arbitrary, but it is con- 
venient to have it make 
an angle of about 45° 
with the mirrorm. Let 
A be any distant object, 
and let the instrument 
be held sothat a ray An, 
falling upon 7, shall be 
reflected in the line nm 
to m and thence to the eye at H. Now move the central index 
until the ray AC, from the same object, is reflected from the 
central mirror JLN in the line Cm, passing over the small mirror 
n to the horizon glass, and thence to the eye in coincidence with 
the first ray. (This observation is like the ordinary one of deter- 
mining the zero point of a sextant or circle, only the line of sight 
is directed to a point about 90° from the object.) The mirror 
MN and the small mirror 7 are now parallel. Let & be the 
reading of the central index. Now let B be a second object 
which may be even more than 180° from A reckoned in the 
direction HRR’. Move the central index until this object is 
reflected from the central mirror M’N’ to m, and thus into coin- 
cidence with the image of A reflected from n. Let R’ be the 


E 


the fact that such a construction has not been heretofore adopted, I infer that this 
part of the theory of the instrument has not been well considered. 

If this change is made, and the instrument is used on land upon a stand, I cannot 
see any reason why we should not realize all the theoretical advantages of the in- 
strument, especially if we considerably increase the optical power of the telescope. 

The opinion of Sir Joun Herscuer (Outlines of Astronomy, Art. 188) that ‘the 
abstract beauty and advantage of this principle” (of repetition) ‘‘seem to be counter- 
balanced in practice by some wnknown cause, which probably must be sought for in 
imperfect clamping,” is hardly sustained by practical experience with instruments 
having a single central axis. 
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reading. The angular motion of the mirror WN being always 
equal to one-half the angular distance of the objects, R’ — R is 
the required angle. M. Daussy calls this contrivance a dépressio- 
metre, or dip-measurer, from its application to the measurement 
of the dip of the sea horizon, by measuring the angular distance 
between two diametrically opposite points of the horizon, this 
angular distance being 180° plus or minus twice the dip accord- 
ing as we measure through the zenith or through the nadir. It 
finds, however, another important application in observations 
with the artificial horizon when the altitude exceeds 65° or 70°, 
and the double altitude is consequently too great to be measured 
in the usual manner. The additional mirror is usually furnished 
with the Gambey circles, and is readily applied to any instru- 
ment. Since the angle at which it stands is not required to be 
found, the only adjustment necessary is to make it perpendicular 
to the plane of the instrument, which is done by the aid of the 
same test as that which is used in adjusting the horizon glass; 
we have only to observe that the two images of the same object 
A (which for this purpose may be a bright star) reflected from 
MN and n can be brought into coincidence in the middle of the 
field of the telescope; the mirrors MN and m having of course 
been previously adjusted.* 


THE PRISMATIC REFLECTING CIRCLE AND SEXTANT. 


116. The prismatic reflecting circle, constructed by Pistor and 
Martins of Berlin, differs from the simple reflecting circle 
(Art. 106) by the substitution of a glass prism for the horizon 
glass, and by the position of this prism with respect to the cen- 
tral mirror. 

ABC, Fig. 32, represents the circle; M the central mirror 
upon the index arm ac, which carries a vernier at each end a 
and c; m the prism, which is nearer the telescope 7 than the 
central mirror, and is permanently attached to the frame of the 
instrument. The prism has two of its faces nearly perpendicular 
to each other, and the third face acts as the reflector. A ray 
from the central mirror entering one of the perpendicular faces 
is totally reflected at the inner face and passes out through the 


* Special instruments for measuring the dip of the sea horizon have been contrived. 
For an account of Trouguton’s Dip-Sector, see Simms’s Treatise on Mathematical 


Instruments. 


128 PRISMATIC CIRCLE. 


other perpendicular face in the direction of the sight line of the 
telescope. The height of the prism is only one-half the diameter 
of the object lens of the telescope, and therefore direct rays 
from any object passing over the prism enter the telescope and 
are brought to the same focus as the reflected rays. When the 
central mirror is parallel to the longest side of the prism, as in 
Fig. 32, two images of the same object are in coincidence, and 
the index correction is determined as in, the sextant, except that 
every reading is here the mean of the readings of the two 
verniers. 

Now revolving the index into the position, Fig. 33, an object 


Fig. 32. Fig. 33. 


to the right will be reflected into coincidence with the direct 
object, and the angular distance of the two objects is given by 
the reading corrected for the index error. When the central 
mirror becomes nearly perpendicular to the line Mm, the prism 
intercepts the rays from the right hand object. This occurs 
when the angular distance of the two objects is about 130°. 
Beyond this point the head of the observer also intercepts the 
rays, until we come to the position of Fig. 34. 

In this position two objects 180° apart can be brought into 
optical coincidence. But, although the prism does not interfere 
with the rays from the second object, the head of the observer 
may; and this is obviated by placing a small prism D at the eye 
end of the telescope, to reflect the two images which are in 
coincidence, to the eye in the direction DL. 
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Continuing the motion of the index, we see, by Fig. 35, that 
angles greater than 180° can now be obtained until the index 
arm comes against the prism, which occurs when the angle is 
about 280°. The angles thus measured may be reckoned either 
as between 280° and 180° or between 80° and 180°. Of these, 
the angles falling between 80° and 130° may be observed in two 
reversed positions of the instrument, constituting a cross obser- 
vation, as with the repeating circle, whereby the index correc- 
tion becomes unnecessary, and the errors arising from a prismatie 
form of the central mirror are partially eliminated. 


Fig. 34. Fig. 35. 
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When the index is on zero, Fig. 32, the rays incident upon 
the central mirror make an angle with it of 20°, and in this posi- 
tion we obtain the feeblest reflected images. When the index 
is at 180°, the incident rays make an angle with the mirror of 
85°, and we obtain the brightest reflected images. In the com- 
mon sextant, the reverse takes place; the feeblest images occur 
for the angle 130° when the incident rays make an angle of only 
10° with the central mirror; and the brightest images when the 
index is on zero and the rays make an angle of 75° with the 
mirror. The angles of incidence in the prismatic instruments 
are, therefore, more favorable for the production of distinct 
images than in the common sextant, since even the smallest 
angle which the incident rays make with the mirror in the 
former is double the corresponding angle in the latter. 

Vou. II.—9 
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The adjustments of the prism and central mirror are similar to 
those of the horizon and index glasses of the sextant. 

The theory of the errors is also similar to that above given 
for the sextant and circle. 


117. The advantages of these instruments over the common 
sextants are: Ist. Angles of all magnitudes can be measured ; 
2d, the eccentricity is completely eliminated by always employ- 
ing the mean of the readings of the two verniers; 3d, the re- 
flected images are brighter than in other reflecting instruments, 
both because the angles of incidence upon the central mirror are 
more favorable, and because the inner face of a glass prism is a 
much better reflector than a silvered glass; 4th, the errors 
arising from a prismatic form of the central mirror are much 
less than in the sextant. The instruments, as made by Pistor 
and Martins combine also other improvements which might be 
introduced into the common sextant. Thus, the shade glasses 
admit of reversal, by which their errors are wholly eliminated ; 
a revolving disc, containing small colored glasses or shades, is 
adapted to the eye piece of the telescope, for use in taking alti- 
tudes of the sun with the artificial horizon; all lost motion is 
avoided in the tangent screw, by causing it to act against a 
spring; the arc is read off at night by the aid of a lantern which 
is placed over the centre of the instrument and the light of which 
is concentrated upon the are by a lens. 

The prismatic sextant differs from the circle only in dispensing 
with the second vernier (the vernier @ in the above figures), and 
that portion of the are upon which it reads. The same angles 
can be measured with this instrument as with the circle, but 
without the advantage of eliminating the eccentricity. 

For an extensive series of observations, illustrating the capa- 
bilities of the sextant in the hands of a good observer, and espe- 
cially demonstrating the excellence of the prismatic sextants, see 
an article of ScHuMAcHER, in the Astron. Nach., Vol. XXIII. p. 
321. 
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CHAPTER V. 
THE TRANSIT INSTRUMENT. 


118. THE transit instrument is an instrument for determining 
the instant of a star’s passage through any given vertical plane ; 
or (which is the same thing) the time of a star’s transit over any 
given vertical circle. For this purpose, it is necessary that the 
motion of the telescope be confined to the vertical plane ; and this 
is effected by attaching the tube to a horizontal axis and perpen- 
dicular to it, so that by revolving the instrument upon this axis 
the principal sight-line of the telescope describes a plane passing 
through the zenith. The common theodolite may therefore be 
used as a transit instrument when its telescope admits of a com- 
plete revolution upon its horizontal axis. 

The time of transit over the assumed vertical circle is deduced 
from the time when a star passes a given thread placed in the 
focus of the objective. 

The instrument may be mounted in any vertical plane, but is 
chiefly used either in the meridian or in the prime vertical: in 
the first position, for finding either the true local time or the 
right ascensions of stars; in the second, for finding either the 
latitude of the place of observation or the declinations of stars. 
When spoken of simply as “the transit instrument,’ however, 
it is usually understood to be in the meridian. 

It admits of some variety of form. In the old and still most 
common form, the telescope and horizontal axis bisect each 
other,* and the two ends of the axis are supported on pillars 
between which the telescope revolves. 

A second form is that in which, starting from the first form, 
one-half the telescope tube is dispensed with, that half which 
contains the object glass being retained, while the horizontal axis 
is made to perform the part of the other half. At the intersec- 


* In Haxzey’s transit instrument (still preserved as a relic in the Greenwich Ob- 
servatory) the pivots of the axis are at unequal distances from the telescope. 
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tion of the tube with the axis is a glass prism which bends the 
rays from the object glass at right angles, and transmits them 
through the hollow axis to the eye piece which is placed at the 
end of this axis. The chief advantage of this construction is 
that the observer does not have to change his position to observe 
all the stars which cross the plane of the telescope. It has also 
the advantage, for a portable instrument, of diminished weight 
and a more compact form. 

In a third form, proposed by SreinuerL* of Munich the 
telescope tube is dispensed with entirely, or rather the horizontal 
axis is converted into a telescope, by starting from the second 
form just described and shortening the tube until the object 
glass is brought next to the prism, so that the rays are bent 
immediately after entering the instrument. This is therefore, 
practically, an instrument of the second form with the telescope 
tube reduced to its minimum length; but, to gain sufficient focal 
length, the object glass and prism (which are connected together) 
are placed near one end of the axis. This form evidently offers 
the greatest advantages for a portable instrument; its want of 
symmetry, and the loss of light incurred by the introduction of 
the prism, seem to prevent its adoption for the larger instruments 
intended for the more refined purposes of the observatory. 

The principles governing the use of such instruments being 
essentially the same as those which apply to the transit instru- 
ment of the common form, I shall here treat exclusively of the 
latter. 


119. Plate IV. represents the meridian transit instrument of 
the Washington Observatory, made by Erte anp Sons, Munich. 
It has a focal length of 85 inches, with a clear aperture of 5.3 
inches. The dimensions of all the parts may be found from the 
drawing. The portions of the telescope tube 77, which are 
made conical to prevent flexure, are screwed to the hollow cube 
M. The conical portions of the horizontal or rotation axis NN 
are also screwed to this cube; this axis is hollow, and terminates 
in two steel cylindrical pivots which rest in Vs at VV. It is 
highly important that thesé pivots be perfect cylinders and of 
precisely equal diameters. 

If the whole weight of an instrument of this size were per- 


nr 


* Astron. Nach., Vol. XXIX. vp. 177. 
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mitted to rest upon the Vs, the friction would soon destroy the 
perfect form of the pivots, and hence a portion of this weight is 
counterpoised by the weights WW, which, by means of levers, 
act at AY, where there are friction rollers upon which the axis 
turns. By this arrangement, only so much of the weight of the 
instrument is allowed to rest upon the Vs as is necessary to 
insure a perfect contact of the pivots with the Vs. This not only 
saves the pivots, but gives the greatest possible freedom of 
motion to the telescope, the lightest touch of the finger being 
now sufficient to rotate the instrument upon the axis. 

The counterpoises may be made to perform another important 
service in diminishing the flexure of the horizontal axis, which they 
will evidently do if they are applied nearer to the cube than in this 
instrument. With cones, such as WN, of very broad base, the 
amount of flexure must be extremely small; still, with counter- 
poises properly placed, the necessity of making the cones so 
large and heavy would be obviated. (See the arrangement of 
the counterpoises in the meridian circle, Plate VII.) 

In the principal focus of the objective, at m, is the reticule, con- 
sisting of seven parallel transit threads; these are parallel to the 
vertical plane of the telescope and perpendicular to its optical 
axis (Art. 5). These threads and the images of stars in their 
plane are observed with the eye piece L. Eye pieces, or oculars, 
of various magnifying powers are usually supplied, to be used 
according to the nature of the object observed and the state of 
the atmosphere, the highest powers being available only in the 
most favorable circumstances. One of these eye pieces (and 
usually one of the lowest powers) is fitted with a mirror to throw 
light down the tube in observations for collimation, as will be 
fully explained hereafter. This constitutes what is called the 
collimating eye piece ; but the plan of placing a small piece of mica 
outside the eye piece (Art. 47) converts any one of the eye pieces 
into a collimating eye piece. 

There is also a micrometer thread which moves so nearly in 
the plane of the transit threads as to be sensibly in the same 
focus. This thread may be either parallel or at right angles to 
the transit threads according to the application of it intended ; 
but in the simple transit instrument its use will be chiefly to 
determine the collimation with the mercury collimator, and then 
it will be most convenient to make it parallel to the transit 
threads. For this purpose, it will be still better to substitute for 


184 TRANSIT INSTRUMENT. 


the single movable thread a cross-thread or two very close parallel 
threads. 

The transit threads are rendered visible at night by light 
thrown into the interior of the telescope through the hollow 
rotation axis from a lamp on either side. The light is reflected 
down the telescope tube by a small silver mirror in the cube J, 
or by an open metallic ring, which does not interfere with rays 
from the object glass. The amount of light can easily be regu- 
lated by a contrivance which it is not necessary to describe. The 
color of the light may be varied by passing it through glass of 
the desired shade. 

The light thus thrown down the tube illuminates the field, and 
the transit threads appear as black lines upon a bright ground. 
For very faint stars it may be necessary to reduce this field 
illumination to such an extent that the threads cease to be dis- 
tinetly visible, and then the direct illumination of the threads is 
to be resorted to. This direct illumination of the threads is 
effected, in the instrument here represented, by two small lamps 
(omitted in the drawing) suspended upon the telescope near 
the eye piece, which throw their light obliquely upon the threads 
without illuminating the fie’d. The lamps are so suspended that 
their flames occupy the same position relatively to the threads 
for all positions of the telescope. The threads are thus made to 
appear as bright lines on a dark ground. Two lamps, one on 
each side, are used in order to produce symmetrical illumination 
of the threads. The threads may also be illuminated by light 
admitted through the axis, but so brought down the tube (by the 
aid of a small lens) as not to illuminate the field; this hght being 
finally received by small reflectors near the eye piece, and by 
them thrown upon the threads in such a manner as to produce 
the required symmetrical illumination. 

At Ff and Fare two small finding circles, also called finding levels, 
or simply finders, which serve in setting the telescope at any given 
elevation or zenith distance. They will be more fully explained 
in connection with the portable transit instrument in the next 
article. 

The handles, A and. B, which are within reach of the observer’s 
hand, act upon a clamp and fine motion screw by which the tele- 
scope is fixed and accurately set at any zenith distance. 

The inclination of the rotation axis to the horizon is measured 
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with the striding level Z (Art. 51), which is applied to the pivots 
VV. The feet of the level have also the form of Vs. 

The piers are so nearly adjusted in the first place that the Vs 
are nearly in a true east and west line, but a small final correc- 
tion is still possible by means of screws which act horizontally 
upon one of the Vs. In the same manner, the inclination of the 
axis to the horizon is made as small as we please by screws 
acting vertically upon the other V. These screws are not shown 
in the drawing. 

In order to eliminate errors of the instrument, it is necessary 
to reverse the rotation axis from time to time, that is, to make 
the east and west ends of the axis change places. The reversing 
apparatus or car for this purpose is shown at &. It runs upon 
grooved wheels which roll upon two rails laid in the observatory 
floor between the piers PP, and is thus brought directly beneath 
the axis. By the crank A acting upon the beveled wheels e and 
J, two forked arms aa are lifted and brought into contact with 
the axis at VV; then, continuing the motion, the telescope is 
lifted just sufficiently to clear the Vs, and the friction rollers at 
AX; the car is then rolled out from between the piers, bearing 
the telescope upon its arms; a semi-revolution is given to the 
arms, the exact semi-revolution being determined by a stop d, 
the car is rolled back between the piers, and the telescope lowered 
into the Vs. It is hardly necessary to observe that the telescope 
is placed in a horizontal position during this operation. 

An observing couch C runs on the rails between the piers. It 
is so arranged that the observer reclining upon it may give his 
head any required elevation, and thus be able to observe stars at 
high altitudes without the discomfort which would destroy the 
accuracy of his observations. 

The piers PP are of granite, and rest upon a foundation of 
stone sunk ten feet below the surface of the ground. They are 
wholly insulated from the walls and floor of the building. 

Between the piers, a granite slab about a foot broad and ten 
feet long is placed on a level with the floor. This rests firmly 
upon the foundation which supports the instrument, and, like 
the piers, is insulated from the floor. On this slab may be 
placed a basin of mercury at various distances from the instru- 
ment, for observing stars by reflexion. 

I do not propose to enter into the details of constructing the 
observatory itself, as many of these details will vary according to 
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the taste aud means of the builder; but it is essential to remark 
that the opening in the roof and sides of the building through 
which the observations are to be made should be much wider 
than the mere aperture of the telescope; for there are always 
currents of air of various temperatures near the edges of the 
openings, which produce unsteadiness in the images of stars. A 
width of two feet at least should be allowed. 

It is also well to observe that the observing room should be 
large and high, that the radiation from the walls may not have 
too much effect upon the instrument. No artificial heat should 
be permitted in it or near it. Its temperature at the time of an 
observation, and that of the whole instrument, should be as 
nearly as possible the same as the temperature of the atmosphere 
outside the observatory. 

The indispensable companion of the transit instrument in the 
observatory is the sidereal clock, which is to be secured to a 
stone pier, resting upon a foundation which is insulated from the 
floor, and so placed that its dial may be seen by the observer 
from any position he may occupy at the telescope. If, however, 
the transits are recorded by the chronograph (Arts. 71-77) the 
clock may be in any part of the observatory, and a single clock 
may be used for all the observations with all the instruments. It 
will only be necessary that each instrument should have its own 
chronographic register, which is graduated into seconds by the 
one standard clock. However, a clock in the room with the in- 
strument is still necessary to enable the observer to prepare for 
his observations at the proper time; but this may then be re- 
garded as a sort of finder merely, and it will be necessary to regu- 
late it only approximately. 


120. Plate V. represents a portable transit instrument as con- 
structed by Mr. W. Wiirpemann (Washington, D.C.). The focal 
length of such an instrument is usually from 24 to 86 inches. 

The letters common to Plate V. and Plate IV. represent the 
same parts. The peculiar feature is the portable frame PP, which 
here takes the place of the piers. It is made of iron, and is made 
as light as possible without the sacrifice of strength and stability. 
The screws tt being removed, the inclined supports pp fold in 
against the upright ones, and then the latter fold down upon the 
horizontal frame; and the whole frame can be placed in a box. 
This box is deep enough to receive the telescope also. The 
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instrument can thus be conveniently transported and set up in a 
few minutes upon any temporary pillar Q@. In the field it will 
often be convenient to mount the instrument upon the trunk of 
a tree cut off to the required height. The frame is quickly 
levelled approximately by the foot screws S, 8, S. 

A diagonal eye piece E (Art. 12) is sneeceseny for observing stars 
at considerable altitudes. 

The eye tube of the telescope is moved out and in by a rack 
and pinion 7, to bring the threads precisely into the focus of the 
object glass. The rack and pinion k carry the eye piece to the 
right and left so as to bring it opposite each thread in succession 
as a star crosses it. 

The finder ¥ consists, Ist, of a small graduated circle which is 
permanently attached to the telescope; 2d, of a spirit level g 
attached to an arm which revolves about the centre of the circle. 
This arm carries a vernier, and has a clamp and fine motion 
screw at f. When the vernier reads 0°, the axis of the level is 
parallel to the optical axis of the telescope; consequently, if we 
set the vernier to this reading, 0°, and then revolve the tele- 
scope until the bubble stands in the middle of the tube, the 
optical axis will be horizontal. If then we set the vernier at 
any other given reading &, and revolve the telescope until the 
bubble stands in the middle of the tube, the inclination of the 
telescope to the horizon will be = R. The altitude of a star 
whose transit is to be observed is known from its declination 
and the latitude of the place of observation, and it is usually 
necessary to prepare for the observation by setting the telescope 
at the proper altitude by means of the finder. 

A rack and pinion (not shown in the drawing) serve to revolve 
the eye piece and micrometer so as to make the threads vertical, 
or rather parallel to the vertical plane of the telescope. 

The illuminating lamps are shown in their position. Their 
light is thrown into the axis in nearly parallel lines by means of 
a lens in the lantern opposite the middle point of the flame, the 
flame being nearly in the focus of the lens. 


120*. A small altitude and azimuth instrument so constructed 
that it may be used also asa transit instrument is called a universal 
instrument. The horizontal graduated circle renders such an in- 
strument very convenient for observations out of the meridian. 
See Chapter VIL. 
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121. Method of observation.—In all cases, the celestial observa- 
tion made with the transit instrument consists only in noting, by 
a clock or chronometer, the several instants when a star or other 
object crosses the threads. The method of doing this with pre- 
cision is as follows. The instrument remaining stationary, the 
diurnal motion causes the star to pass across the field of the 
telescope. As it approaches a thread, the observer looks at the 
clock and begins to count its beats; and, keeping the count in 
his head by the aid of the audible beats of the clock, he then 
turns his eye to the telescope and notes the beat when the star 
appears on the thread. The transit over the thread may, how- 
ever, fall between two beats; and then the fraction of a beat is 
to be estimated. This estimate is made rather by the eye thar 
the ear. Suppose the clock beats seconds. Let a, Fig. 56, be 
the position of the star at the last beat 
before the star comes to the thread, and 6 
its position at the next following beat. 
The observer compares the distance from 
a to the thread with the distance from a to 
6, and estimates the fraction which ex- 
presses the ratio of the former to the latter 
in tenths; and these tenths are then to be 
added to the whole number of seconds 
counted at a, to express the instant of transit. Thus, if he counts 
20 seconds by the clock at a, and estimates that from a to the 
thread is 4, of ab, the instant of transit is 20°.4, which he records, 
together with the minute and hour by the clock. 

In the transit of the sun, the moon, or a planet, the instant 
when the limb is a tangent to the thread is noted. The mode 
of inferring the time of transit of the centre from that of the 
limb will be explained hereafter. 

The most accurate method of observing transits is by the aid 
of the chronograph. At the precise instant when the star is on 
the thread, the observer presses the signal key and makes a 
record on the register, which is read off at his leisure, according 
to the methods explained in Arts. 71-77. The record of several 
transits of stars over the five threads of the Cambridge telescope 
is shown in Plate I. Fig. 6. Each transit is preceded by an 
irregular signal, produced by a rapid succession of taps on the 
signal key, by means of which the place of the observation on 
the register is afterwards readily found. As the observer is 
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relieved by the chronograph from the necessity of counting the 
seconds and estimating the fractions, the transit threads may be 
placed much closer to each other and their number greatly in- 
creased. In the transit instruments used in the United States 
Coast Survey for the telegraphic determination of differences of 
longitude (see Vol. I. Art. 227), the diaphragms contain twenty- 
five threads, arranged in groups, or “ tallies,” of five, as in Plate 


envoy ; 


GENERAL FORMULA OF THE TRANSIT INSTRUMENT. 


122. In whatever position the transit instrument may be placed, 
we may consider its rotation axis as an imaginary line, passing 
through the central points of the pivots, which, produced to the 
celestial sphere, becomes a diameter of the sphere; and the azis 
of collimation as an imaginary line, drawn from the optical centre 
of the object glass perpendicular to the rotation axis, and de- 
scribing a great circle of the sphere as the telescope revolves. 
The position of this great circle in the heavens is fully deter- 
mined when we have given the position of the rotation axis; 
and the position of the rotation axis is given when we know the 
altitude and azimuth of either of the points in which it meets 
the celestial sphere. 

The sight-line marked by a thread in any part of the field is 
a line drawn from the thread through the optical centre of the 
object glass. The angle which this line makes with the axis of 
collimation does not change as the telescope revolves: so that, 
while the axis of collimation describes a great circle, the sight- 
line describes a small circle parallel to it whose distance from it 
is everywhere the constant measure of the inclination of the 
sight-line. If then a star is observed on the thread, the position 
of the star with respect to the great circle of the instrument 
becomes known when we know the inclination of the sight-line 
or the angular distance of the thread from the axis. 

The general problem to which the use of the transit instru- 
ment gives rise is the following: 


123. To find the hour angle of a star observed on a given thread of 
the transit instrument in a given position of the rotation axis.—Let 
Fig. 87 represent the sphere stereographically projected upon 
the plane of the horizon, MS the meridian, W& the prime 
vertical. Suppose the axis of the instrument lies in the vertical 
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plane ZA, and that A is the point in which this axis produced 
towards the west meets the celestial 
sphere. Let WV’Z’S’ be the great 
circle described by the axis of colli- 
mation; A is the pole of this circle. 
Let nOs be the small circle described 
by the sight-line drawn through a 
thread whose constant angular dis- 
tance from the collimation axis is 
given=c. Let b denote the altitude, 
90° + a the azimuth, 90° —m the 
hour angle, » the declination of the 
point A; @ the latitude of the observer; 0 the declination of a 
star observed at O on the given thread. Join PA, PO, AO. 
We have 


Fig. 37. 


NZA = 90° + a, ZPA = 90° —m 
ZA = 90° — b, PA = 90° —n 
AO = 90° + ¢, PZ = 90° — ¢ 

PO = 90° —6 


and the triangle PZA gives the equations [Sph. Trig. (6), (3), (4)] 


COS n cos m — cos b cos a 


cos n sin m = sin b cos g + cos db sin a sin g 
(78) 
sin nm — sin 6 sin ¢ — cos) sin @ cos ¢ 


which determine m and n when a and é are given. Now let 


t == the hour angle of O east of the meridian ; 


then the angle APO = 90° — m + 7 = 90°-+ (¢ — m), and the 
triangle APO gives 
— sin c = sin n sin 0 — cos n cos 6 sin (tr — m) 


whence 
sin (r — m) = tan nv tan 0 + sinc sec n sec 6 (79) 


which determines t — m, whence also rt. 
These general formule admit of simplification when the in- 
strument is either near the meridian or near the prime vertical. 


THE TRANSIT INSTRUMENT IN THE MERIDIAN. 


124. The instrument is said to be in the meridian when the 
great circle described by the axis of collimation is the meridian. 


+ 
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The axis of rotation is then perpendicular to the plane of the 
meridian, and, consequently, lies in the intersection of the prime 
vertical and the horizon. If, further, the thread on which the 
star is observed is in the axis of collimation, the time of obser- 
vation is that of the star’s transit over the meridian; and, since 
at that instant the sidereal time is equal to the star’s right ascen- 
sion, the error of the clock on sidereal time is obtained at once 
by taking the difference between that right ascension and the 
observed clock time of transit. (Vol. I. Art. 188.) 

Practically, however, we rarely fulfil these conditions exactly, 
but must correct the time of observation for the small deviations 
expressed by a, 6, and c, of which a is the excess of the azimuth 
of the west end of the axis above 90° (reckoned from the north 
point), and is called the azimuth constant; 6 is the elevation of the 
west end of the axis,.and is called the level constant; and c is the 
inclination of the sight-line to the collimation axis, and is called 
the collimation constant. 

We must first show how to adjust the instrument approxi- 
mately, or to reduce a, 6, and ¢ to small quantities. 


125. Approximate adjustment in the meridian.—i1st. The middle 
thread of the diaphragm should coincide as nearly as possible 
with the collimation axis. This adjustment can be approxi- 
mately made before putting the instrument in the meridian, by 
moving the thread plate laterally until the middle thread cuts a 
well defined distant point in both positions of the rotation axis 
in the Vs. 

2d. The middle thread (and, consequently, all the transit 
threads) should be vertical when the rotation axis is horizontal ; 
that is, it should be perpendicular to the rotation axis. This 
can be verified while adjusting the sight-line, by observing 
whether the distant point continues to appear on the thread as 
the telescope is slightly elevated or depressed. After the instru- 
ment has been placed in the meridian and the axis levelled, the 
verticality of the threads may also be proved by an equatorial 
star running along the horizontal thread, which is at right angles 
to the transit threads. 

The axis, being placed nearly east and west (at first by estima- 
tion), is levelled by means of the striding level. Thus e¢ and 6 
are easily reduced to small quantities. 

3d. To reduce a to a small quantity, or to place the instrument 
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very near to the meridian, we must have recourse to the obser- 
vation of stars. The following process will be found as simple 
as any other with a portable instrument. 

Compute the mean time of transit of a slow moving star (one 
near the pole), and bring the telescope upon it at that time. For 
the first approximation, the time may be given by a common 
watch, and the telescope may be brought upon the star by 
moving the frame of the instrument horizontally. Then level 
the axis, and note the time by the clock of the transit of a star 
near the zenith over the middle thread. It is evident that the 
time of transit of a star near the zenith will not be much affected 
by a deviation of the instrument in azimuth, and therefore the 
difference between the star's right ascension and the clock time 
will be the approximate error of the clock on sidereal time. 
With this error, we are prepared to repeat the process with 
another slow moving star, this time employing the clock and 
causing the middle thread to follow the star by moving only the 
azimuth V. When the clock correction has been previously 
found by other means (as with the sextant), the first approximation 
will usually be found sufficient. The instrument is now sufli- 
ciently near to the meridian, and the outstanding small deviations 
ean be found and allowed for as explained below. 

In mounting a large transit instrument in an observatory, it 
will be convenient first to establish the approximate direction of 
the meridian with a theodolite, and to set up a distinct mark at 
a sufficient distance to be visible in the large telescope without 
a change of the stellar focus. The middle thread of the instru- 
ment can then be brought upon this mark before proceeding to 
the observation of stars. 

4th. Finally, it is necessary to adjust the finder whereby the 
telescope is to be directed to that point of the meridian through 
which a given object will pass. If the finder is intended to give 
the zenith distance (¢), we take 


€&=¢—déd—r-4 p for an object south of the zenith, 
f=) —e—rtp “ “ north “« « 


in which r is the refraction, and p the parallax of the object for 
the zenith distance ¢. But, for the purpose of finding an object 
merely, we may neglect r, except for very low altitudes, and p 
may be neglected for all bodies except the moon. 

To adjust the finder, we have only to clamp the telescope when 
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some known star is on the horizontal thread, and in that position 
cause the finding circle to read correctly for that star, by means 
of the proper adjusting screws. It will then read correctly for 
all other stars. In large instruments the finder is sometimes 
graduated from 0° to 360°. 

With respect to the time when a star is to be expected on the 
meridian, the sidereal clock or chronometer answers as a finder, 
since (after allowing for its error) it shows the right ascensions 
of the stars that are on the meridian. 


126. Equations of the transit instrument in the meridian.—By the 
preceding process we can always easily reduce a, 6, and-c to 
quantities so small that their squares will be altogether insensible, 
or, which is the same thing, we can substitute them for their 
sines, and put their cosines equal to unity. And, since m,n”, and 
z will be quantities of the same order as a, b, and ¢, the general 
formule (78) will become 


m=—=—bcos¢g+asing i (80) 
n—bsin g—acos¢ 
and (79) gives 
t=m+ntan 6+ ¢sec d (81) 


which is Brsset’s formula for computing the correction to be 
added to the observed sidereal clock time of transit of a star 
over the middle thread to obtain the clock time of the star’s 
transit over the meridian. It is hardly necessary to observe that 
the unit of all the quantities a, 6, c, m, n, t should be the second 
of time. 

If now we put 


T = the observed clock time of the star’s transit over the 
middle thread, 
aT = the correction of the clock, 
a = the star’s apparent right ascension, 


the true sidereal time of transit will be 7+ ¢ + a7, and this 
quantity must be equal to a. Hence we have 


Cs ee le ja GE c 
or (82) 


a=T+taT+tm-+ntan d+ csecd 


by which formula the right ascension of an unknown star can be 
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found when a7 and the constants of the instrument are known. 
From the transits of known stars, on the other hand, this equa- 
tion enables us to find a7, when the constants of the instrument 
are given. 

The apparent right ascension in this equation should be 
affected by the diurnal aberration, which, by. Vol. I. Art. 3938, is 
0’’.311 cos gy sec 0 = 0°.021 cosgsecd when the star is on the 
meridian. If then a denotes the right ascension as given in the 
Ephemeris, the first member of (82) ought to be a + 0/.311 
cos y sec 0, so that the equation becomes 


a= T+aTtm-+ntané + (¢ — 0%.021 cos g)secd (88) 
Hence, if instead of c we take 
c’ = c — 0°.021 cos ¢ 


we may use (82) without further modification, and the diurnal 
aberration will be fully allowed for. Since, for each place of ob. 
servation, the quantity 0°.U21 cos is constant, there is no reason 
for omitting to apply this correction, although its influence is 
scarcely appreciable except with the larger instruments of the 
observatory. 


127. Bxssex’s form for the correction cz is usually the most 
convenient; but other forms have their advantages in certain 
applications. From (80) we deduce 


a=Msin g — n COS ¢ BA 
b=mcos¢g +n sin ¢ (84) 


' and from the second of these we have 
m= b sec gy —n tan ¢ (85) 
which substituted in (81) gives Hanszn’s formula, 
t= b sec g + n(tan 6 — tan ¢)-+ ¢ sec 6 (86) 


This is convenient in reducing observations of stars near the 
zenith, where the coefficient tand — tang becomes small. It 
shows that for a star in the zenith the correction depends only 
on 6 and, and that in general the best stars for determining 
the clock correction are those which pass nearest to the zenith. 

If we substitute the values of m and n from (80) in (81), we 
readily bring it to the form 
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; aes ae 
Pp Ca Uy eee 0) c 
cos 6 cos 6 cos 6 


Se 


(87) 


which is known as Mayer’s formula. This is the oldest form; 
but where many stars are to be reduced for the same values of 
the constants, it is much less convenient than the preceding. It 
has its advantages, however, in cases where the constant a is 
directly given, or in discussions in which this constant is directly 
sought. 


128. These formule apply directly to the case of a star at its 
upper culmination. To adapt them to lower culminations (that 
is, of circumpolar stars at their transits below the pole), we 
observe that in the general investigation Art. 123, 6 represents 
the distance of the star from the equator reckoned towards the 
zenith of the place of observation, and, consequently, the 
formula will be applicable to lower culminations if we still repre- 
sent by 0 the distance of the star from the equator through 
the zenith and over the pole; that is, if we take for 0 the supple- 
ment of the declination. This being understood, we shall be 
saved the necessity of duplicating our formule. 

Again, the time of the lower culmination differs by 12’ of 
sidereal time from that of the upper culmination of the same 
star. Hence, to apply the formule to the case of a lower cul- 
mination, it is also necessary to suppose that a represents the 
star’s right ascension increased by 12”. 

In short, for lower culminations, we must substitute 12” + a 
and 180° — d for @ and 0. 


129. Since the instrument may be used in two positions of the 
rotation axis, it is necessary to distinguish these positions. We 
shall suppose that the clamp is at one end of the axis, and shall 
distinguish the two positions by “clamp west”’ and “ clamp east.” 
If the value of ¢ has been found for clamp west, its value for 
clamp east will be numerically the same, but will have a different 
sign; for, since in reversing the collimation axis remains in the 
same plane,* any thread will be at the same absolute distance 
from this axis, but on opposite sides of it in the two positions. 


* Except when the pivots are unequal, the correction for which will be considered 


hereafter. 
Vou. II.—10 
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For example, if we have found for clamp west ¢ = — 0°.292, we 
must take for clamp east c = + 0°.292. 

If, however, we take the diurnal aberration into account, we 
must observe that c’ is not numerically the same in the two posi- 
tions of the axis. For example, if g¢ = 38° 59’, the correction 
0°.021 cos ¢ is 0°.016; and if for clamp west we have c = — 0°.292, 
we shall have for this position c’ = — 0°.292 — 0°.016 = — 0°.308, 
but for clamp east c’ = + 0°.292 — 0°.016 = + 0°.276. 


130. In the above, we have assumed that the star has been 
observed on a single thread whose distance from the collimation 
axis is known. The same method may be applied to each thread ; 
but when the intervals between the threads are known, each 
observation may be reduced to the middle thread or to a point 
corresponding to the ‘“‘mean of the threads,” and the correction 
zc will then be computed only for this middle thread or this mean 
point. I proceed to show how these intervals are to be deter- 
mined and applied. 


THREAD INTERVALS. 


131. An odd number of threads is always used, and they are 
placed as nearly equidistant as possible, or, at least, they are 
symmetrically placed with respect to the middle one, and this 
middle thread is adjusted as nearly as possible in the collimation 
axis. If the threads were exactly equidistant, the mean of the 
observed times of transit over all of them could be taken as the 
time of transit over the middle one, and this with the greater 
degree of accuracy (theoretically) the greater the number of 
threads.* But since it rarely happens that the threads are per- 
fectly equidistant or symmetrical, it becomes necessary to deter- 
mine their distances; and this is usually the first business of the 
observer after he has mounted his instrument and brought it 
approximately into the meridian. 

* Let 7 denote the angular interval of any thread from the 
middle thread; J the time required by a star whose declination 
is 0 to pass over this interval. Then 7, being expressed in 
seconds of time, will also denote the interval of sidereal time 
required by a star in the equator to describe the space between 


* The practical limits to the number of threads will be considered in another 
place. 
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the threads; for this is the case in which the apparent path of 
the star is a great circle. Our notation, therefore, may be ex- 
pressed by putting 


¢ = the equatorial interval of a thread from the middle thread, 
J = the interval for the declination 0. 


If now ¢ denotes the collimation constant for the middle thread, 
the distance of the side thread from the collimation axis is i+ c; 
and if z is the hour angle of a star when on the middle thread, 
J-+ ¢ is its hour angle when on the side thread. Hence, by our 
rigorous formula (79), applied to each thread, we have 
sin (J + 7 — m)= tan n tan 0 + sin (i + ¢)sec n sec 6 
sin (r — m) = tan n tan 6 + sin ¢ sec n sec Ob 


the difference of which is 
2cos (¢J/-+ +r — m)sin } [= 2 cos (47 + €)sin 37 sec n sec 3 


for which, since tr — m, c, and n are here very small quantities, 
we may write, without sensible error, 


2cos +7 sin 47 — 2 cos 47 sin 47 seco 
or (88) 


sin J — sin 7 sec 0 


From this, J can be found when 7 is given. On the other hand, 
if J is observed in the case of a star of known declination, we 
deduce 7 by the formula 


sin 7 — sinJ cos 6 (89) 


If the star is not within 10° of the pole, it is quite accurate to 
take for these the more simple forms 


T= Fsee 6 a= LCOS O (90) 


These formule show that the observed interval will be the 
greater the nearer the star is to the pole. Hence, for finding z 
from observed values of J, it is expedient to take stars near the 
pole, since errors in the observed times will be reduced in the 
ratio 1: cos 0. 

When the star is so near to the pole that either (88) or (89) is 
to be used, it will be found convenient to substitute for them 


the following: 


: I cos 6 
= 


IT=isec 0.k E 


(91) 
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in which k = 
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Isin 15” 
inf 


from the following table: 


»and its logarithm may be readily taken 


i log i sec 0 log k JE logisec d log k 

Vi 1.778 0.00000 15” 2.954 0.00031 

2 2.079 .00001 16 2.982 .00035 

3 2.255 .00001 1M 3.008 .00040 

4 2.380 00002 18 3.033 00045 

5 2.477 .00003 19 3.056 .00050 

6 2.056 .00005 20 3.079 00055 

7 2.623 .00007 21 3.100 00061 

8 2.681 .00009 22 3.120 .00067 

9 2.732 00011 23 : 139 .00073 
105 2.778 00014 24 3.158 .00080 
Lt 2.819 00017 25 3.175 .00086 
12 2.857 00020 26 3.192 00093: 
18 2.892 00028 27 3.209 00101 | 
14 2.924 00027 28 3.224 00108 | 
15 2.954 .00031 29 3.239 .00116 
30 | 8.254 00124 | 


Exampue 1.—If for a star whose declination is d = 88° 33/ we 
have observed the interval between a side thread and the middle 
thread to be J= 25” 17°.6, required the value of 7. 

We have 

logI 8.18116 
log cos 0 8.40320 
ar. co. log & 9.99912 


1.58348 


i = 88°.325 log i 


EXAMPLE 2.—Given 7 = 38°.325, find J for d = 87° 15’. 
We have 


1.58348 
1.31896 


2.90244 
0.00024 


2.90268 


log 2 
log sec 0 


log 7 sec 0 
(Argument 2.902) log k 
log I 


T= 7992.20 


182. The thread intervals may also be found by Gauss’s 
method, with a theodolite, precisely as in the method of deter- 
mining the value of a micrometer screw in Art. 46. 

If the instrument is furnished with a micrometer, the value 
of the screw may be determined by the transits of cireumpolar 
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stars over the micrometer thread, and then it may be emplcyed 
to measure the thread intervals. 


REDUCTION TO THE MIDDLE THREAD. 


133. Suppose that the reticule contains five transit threads, 
and that they are numbered consec7itively from the side next to 
the clamp: so that for “clamp west’ stars at their upper cul- 
minations cross the threads in the order of their numbers. Then, 
if we denote the observed clock times of a transit over them by 
ti, toy ts, ty t;, and the equatorial intervals of the side threads from 
the middle thread by 1, 4, 7, 7, (observing that i, and i, will be 
essentially negative), the time of passing the middle thread 
according to the five observations is either ¢, + 7, sec 0, t, + 7, sec 0, 
t,, t, + 7,8ec 0, or t,-++ 7,sec 0, which, if the observations were per- 
fect, would be equal to each other. Taking their mean, which 
we shall denote by 7, we have 


poithtabiite spithth,, 


co 


If we put 
pe edabete Cacia ie Ch 


Al 
5 


and denote the mean of the observed times by 7), we have 


T = T,+ aisec 6 for clamp west, 
T = T,— Aisec 6 for clamp east 


If the threads are equidistant, a7 vanishes; otherwise ai/sec d 
is the correction to be applied to what is called the mean of the 
threads, to obtain the time of passage over the middle thread. 

If there are seven threads, 


-_ Gt +) + +e +4) (92) 


Al 2 
ih 


and so on for any number of threads. 

At the lower culmination, a star crosses the threads in the 
reverse order, and, consequently, the sign of the correction 
aisecd must be changed; but this change of sign is effected by 
taking for 0 the supplement of the declination, according to the 
method pointed out in Art. 128. We shall, therefore, regard 
the above formule as entirely general. 

A broken transit (one in which the transits over some of the 
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threads have not been observed) is reduced in the same manner ; 
that is, we take the mean of the observed times and apply to it 
a correction which is the mean of the equatorial intervals of the 
observed threads multiplied by secd. Thus, if only the Ist, 3d, 
and 4th of five threads have been observed, we have for 7’ the 
several values ¢, + 7, sec 0, 4, ¢,+%,sec0, the corresponding 
thread intervals being %,, 0, 7,: so that we have 


fips Veen ee 


In general, if we put 


M =the mean of the observed times on any number of 
threads, 
f = the mean of the equatorial intervals of these threads, 


the time 7’ of transit over the middle thread will be 
T= M+ f sec é (93) 


If the clock rate is considerable, the reduction of M to 7 
must be corrected accordingly. Thus, if 


A T = the clock rate per hour, 


the reduction f sec 0d becomes f sec a( es Aus ) or, putting 


3600 
AT 
= the factor for rate = 1 — —— 
f 3600 (94) 
T= M a. pf sec 6 


For a sidereal clock which gains 1° per day, we have a7’ = 
— 3,, whence log e = 0.000005, and for a gain of x seconds daily 
log p = 0.000005 z. 

For a mean time clock which has no rate on mean time, and, 
consequently, loses 9°.83 per hour on sidereal time, we find 
log op = 9.99881; and, if it gains x seconds per day, log p = 
9.99881 + 0.000005 «:, 

If the star is very near the pole, each thread should be sepa- 
rately reduced, the reduction to the middle thread being com- 
puted by the formula [= isec d.kp, log k being taken from the 
table in Art. 1381. 
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REDUCTION TO THE MEAN OF THE THREADS. 


134. Another mode of reducing transits is commonly used in 
the observatory. We may suppose an imaginary thread so 
placed in the field that the time of transit over it will be the 
same as the mean of the times on all the threads, and for brevity 
this imaginary thread is called the mean of the threads, or the 
mean thread. Then all observations are reduced to this imaginary 
thread, and the constant ¢ as well as the intervals of the several 
threads are referred to it, precisely as if it were a real thread. 
It is evident that, where many complete transits are to be re- 
duced, this method saves labor, as the correction ai sec 0 is avoided. 


135. Exampite 1.—The upper transit of Polaris was observed 
with the meridian instrument of the Naval Academy on Jan. 
26, 1859, as in the second column of the following table: 


Clamp East. 6 = 88° 83’ 54.3 
Thread.| Sid. clock. if log I log k log 7 t 

VIL | 0444" 55* | — 23" 49" | 8.15503 | 0.00079 | 1.55290 | — 35:.720 
VI 52 56 —15 48 n2.97681 34 | 1.375138 | — 238.721 
Vale 0F 54 — 7 450 n2.67210 09 | 1.07067 | — 11.767 

IV 8 44 
Iil 16 382 + 7 48 2.67025 09 1.06882 | + 11.717 
II 24 31 + 15 47 2.97635 34 1.37467 | + 23 .696 
il 82 30 + 23 46 8.15412 78 1.55200 | + 35.645 


The table exhibits the computation of the equatorial intervals 
of the side threads from the middle thread. The values of log k 
are taken from the table in Art. 181, and each value of log 7 is 
found by the formula log i= log J + logcosd — logk. The 
signs of J and 7 are given for clamp west. 

The values of the intervals must be found from a number of 
observations of this kind, and the mean of all the determina- 
tions should be finally adopted. 

According to this single observation, the value of ai for this 
instrument will be 

Ai = — 0.021 


If the reductions are to be made to the mean of the threads, 
we find the values of J by taking the difference between the 
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mean of all the observed times and the time on each thread, 
and compute i as before. The values of 7 that would result in 
the above exmple may be immediately inferred, since they 
will be equal to those above found diminished by a7. Thus, 
arranging the values in their order for c'amp west, we have— 


Dae Intervals to Intervals to 
middle thread. | mean‘thread. 
| 1 | + 35.645 | + 350.666 
fot aa yy Swept me MBEe Evan, 
co + 11.717 + 11.738 
LV 0. + 0.021 
ey Sana 767: Ht 746 
VI — 23 .721 — 23 .700 
| Vil — 35.720 — 35 .699 


EXAMPLE &.—With the same instrument on the same date, the 
tansit of a Arietis was observed as follows (clamp east): 


Thread. Clock. 
Vil 1S 5852 o == + 22° 47’ 49”. 
VI lost 
Vv 1 59 24.1 
IV 36 .9 
III 49 .8 
II my () Bde 
ih i579 


Mean = 1 59 41.28 


The algebraic sum of the intervals to the middle thread for 
the threads here observed, taken from the table in the preceding 
example, is + 23°.571, or for clamp east — 23°.571; and therefore 
the time of transit over the middle thread is 


Pea 1 oo ie 78 COS 09 B77 02 


238.571 
se 
6 


To reduce this observation to the mean of the threads, the 
shortest method is to take one-sixth of the interval corresponding 
to the missing thread.—thus : 
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TL VIN BO A128 = pee 0 == 17-593 7*.00 


23°.700 
6 


136. Having shown how the quantity 7 in (82) or (88) is 
found, I now proceed to show how to determine the constants 
m,n, andc. Since m and n both involve 4, let us begin with the 
investigation of this quantity. 


THE LEVEL CONSTANT. 


187. The inclination of the rotation axis to the horizon is 
usually found by applying the spirit level as explained in Art. 
52; and this inclination expressed in seconds of time is the 
value of the level constant b, positive when the west end of the 
axis is too high. 

But the spirit level applied to the outer surface of the cylinders 
which form the pivots does not directly determine the inclina- 
tion of the rotation axis which is the common axis of these 
cylinders, unless the pivots are of equal diameters. 

To find the correction for inequality of the pivots, let C, Fig. 38, 


Fig. 38. Fig. 39. 
B B’ B 
E 
(ou C 
F 
A 
D A! 
A 


be the centre of a cross section of a pivot, A the vertex of the V 
in which the pivot rests, B the vertex of the V of the spirit level 
applied to it. Put 


2i = the angle of the V of the level, 

26, SSO « VY “ transit inst., 
r = the radius of the pivot, 
d — the vertical distance of B above (, © 


Oo us ce “ C sf Zs 
we have 
iP if 
CaS d,= —— 
sin 2 sin 7, 


If now, in Fig. 89, CC’ is the rotation axis, A and B the 
vertices of the transit and level Vs at the end next the clamp, 
A’ and B’ the vertices of the Vs at the other end of the axis, 
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r’ the radius of the pivot at that end, then we have for the dis 
tances B/C’, A’C’, 
ja dia 
s1n 2 


§1n 2, 


The level gives the inclination of the line BB’ to the horizon, 
and we wish to find that of CC’. Let us suppose the clamp at 
first is west, and afterwards east, and that in both positions of 
the axis the inclination given by the level is observed. Let 


B, B’ = the inclinations given by the level for clamp west 
and clamp east, respectively, 
b, b' = the true inclinations of the rotation axis for clamp 
west and clainp east, 
f = the constant inclination of the line AA’. 


Also draw CEH and CF parallel to BB’ and AA’, and put 
p = ECC p, = FCC’ 
then, L being the length of the level, we have 


d—d r—r 


gin = os 
P vy ee 
: d/—d, rr’ —r 
sin pp rea eg er 
LD Lsini, 

for which we may take 
a n—r n—r 
ES Peele P, 


sin i, sin 15” 


in which p and p, are in seconds of time. Now, we have evi 
dently for clamp west (b denoting the elevation of the west end) 


and for clamp east, 


b= B’— p v= e+, 
whence 
’— b = B'— B— 2p = 2p, 
oF = pt+n=ptp mig (ee) 
sin uy sin a, 


INEQUALITY OF PIVOTS. 154 


and, consequently, 


P= 


=| sin 7, (95) 


2 sin ¢ + sin 7, 


By this formula, when 7 and 7, are known, we can directly com- 
pute the value of p from the level indications B and B’, observed 
in the two positions of the axis. 

If the angles of both the transit and the level Vs are equal to 
each other, which is usually the case, we have sini = sini,; and 


then we have 
= = 96 
4 ce 


The value of p thus found is called the correction for inequality 
of pivots. It is to be carefully found by taking the mean of a 
great number of level determinations in the two positions of the 
axis. By determining it according to the above formula, it is a 
correction algebraically additive to the level indication for clamp 
west: so that the true level constant in any case is found by the 


formulee 
b=—B+>p for clamp west, 


b'= B'—p for clamp east. \ (7) 


138. The inequality of the pivots may also be found without 
reversing the axis, by using successively two spirit levels, the 
angles of whose Vs are quite different. Let 27 and 27’ be their 
angles, and B and B’ the apparent inclination of the axis given 
by the two levels respectively. If then 6 is the true inclination, 
and we put 

_ rr 
1 Tain 15” 
e 
we have, by the preceding article, 


b= B+ +. 
sin 2 
b= Bry 1 
é sin 2 
whence 
(= (BoB sin 7? sin 2 (98) 


sin 7 — sin 7 


and the correction of inclinations found with the level the angle 
of whose Vs is 27 will be 


156 TRANSIT INSTRUMENT IN THE MERIDIAN. 


: sin 2’ 
p= =(B— 8B) 


sin 7 


(99) 


sin? — sin 7’ 
If we construct the levels so that their angles are supplements 
of each other, that is, make 27’ = 180° — 27, the formula becomes 
a ent 
rs tani—1 


For example, if 27—= 157° 23’ and 27!/—=22° 37’, we have 
p =i1(B— B’): so that as accurate a determination of p may 
be found in this way as by reversing and employing the formula 
(96). 


139. Exampir 1.—The following example of a case in which 
the angle of the level V differed from that of the transit V is 
given by Sawirscu. A portable instrument was mounted in the 
meridian, and three sets of observations were made consecutively 
for the determination of p, as in the following table: 


| Level readings. 
No. of deter- Clamp. Pao pee 
mination. 
West. East. 
| div 
Wt rahe Sela ee eas) eae 
IN, MAR 
1 | . + 4.50 
mn fA. 184) 8411» ae 
Be 17.51 Se + #02 
eS een 
WN AUG )IE| ype 
5 A. 13.6] 12.0 |: + 5.15 
Wri tamare sents che peeeare (5 
i Ie eA) BD) } 
W. B. 13.6! 138.0 Be 41058 
3 VAR een 4 (alec 
: 4+ 4.58 
BE APES hore Ps 5.05 
- 7{B. 18.3] 8.0 irae Os 


The letters A and B in the first column of level readings refer 
to the position of the level on the axis. 

The value of one division of the level was 1/’.68, or, in time, 
O12. 

The angle of the level Vs was 85° = 2i: that of the transit 
Vs was 91° = 23, 

We find, by taking the mean, 


B'’— B=4+ 478 div. = + 0°53 
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and hence, by (95), 
p == + 09.14 


If we had assumed i= 7%, we should have fourd, by (96), 
p = -+ 0°.18, very nearly the same as by the complete formula, 
although there is a considerable difference between 7 and 4. 

To find the true inclination of the axis during these observa- 
tions, we have, by taking the mean of the values of Band B’, 


div. 
B=-+ 0.46 = + 0°.05 
Bos 1A) 58 
whence 
b= + 09.05 + 0°14 — + 08.19 
Pie cer it eae ONG 


Examete 2.—In October, 1852, the pivots of the Repsoip 
meridian circle of the U.S. Naval Academy were examined by 
twenty-four determinations of the inclination of the axis, twelve 
in each position, and the means were 

div. 
Clamp west, B = -+ 0.68 
> east, (Bl == -.0:74 


One division of the level was equal to 0°.079; and hence 


div. 


which was neglected, as of no practical importance. Indeed, it 
is hardly to be presumed that the level readings were sufficient 
to determine so small a quantity with certainty; nevertheless 
they suffice to prove the same excellence of workmanship in 
these pivots as in those of other instruments of Repsoxp’s. In 
the meridian circle of Pulkowa, made by the same distinguished 
artist, Srruve found an inequality of pivots of only 0°.0025. 


140. The linear difference of the radii of the pivots may also 
be found; for, by the above formule, we have 


(B’ — B) L sin 15” sin 2 sin 7, 
2 (sin 7 + sin 7) 


” —r = pl sini sin 15” — (100) 


The value of Zin the Example 1 of the preceding article was 
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10.85 inches, and hence r’ — r = 0.000075 inch. Small as this 
difference appears, it is satisfactorily determined by the level. 


141. The level constant may also be found by the aid of the 
mercury collimator (Art. 47) and the micrometer. For large 
instruments, it is convenient to have the mercury basin perma- 
nently placed immediately under the instrument, a little below 
the level of the floor, and covered only by a small movable 
trap-door in the floor. 

Let CC’, Fig. 40, be the rotation axis of the instrument; HO 

the collimation axis, perpendicular to CC’; 
ak MN the surface of mercury. There will be 
formed in the field of the telescope a reflected 
image of each thread of the reticule; but 
we shall here use only the movable micro- 
meter thread (which will be assumed to be 
parallel to the transit threads). Let this 
micrometer thread be brought into coinci- 
dence with its own reflected image, which 
occurs when it is at that point a of the 
field which lies in the line 6O drawn 
through the optical centre of the objective, 
perpendicular to the horizontal surface of 
the mercury; and hence it follows that, in 
this position, the angle aOF# is equal to the 
munclination of the rotation axis CC’ to the surface MN, or that 
aOE is equal to the required level constant. Now, let the rota- 
tion axis be reversed; the directions CC’ and HO remain un- 
changed (provided the pivots are equal), and the micrometer 
thread is now at a’, at the same distance as before from the col- 
limation axis; if then the thread is again brought into coinci- 
dence with its image, it must be moved over a distance a’a 
= twice the required level constant. If then we put 


M = the micrometer interval (expressed in seconds of time), 
positive or negative according as the micrometer thread 
is east or west of its image after reversal, 


we shail have 
b a 
= = (101) 


ee) 


and 6 will thus be positive when the west end is elevated. 
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If the pivots are unequal, 6 and 0’ being the true inclinations 
of the axis for clamp west and clamp east respectively, we shall 
have, after reversal, #Oa’ = b, and after making a coincidence 
again, HOa = b’; and hence 


v+b=M 
and, from (96) and (97), 
v—b=2p 
whence 
b= =p vu> +p (102) 


It appears, then, that the mercury collimator alone is not ade- 
quate to the determination of the level constant when the pivots 
are unequal, since the quantity p must be otherwise determined. 
The only independent method of finding p is by the spirit level; 
but we shall see hereafter how the level may be dispensed with 
(or its indications verified) by means of the mercury collimator 
in combination with collimating telescopes. 


142. The pivots may be not only unequal, but also of irregular 
figures. ‘To determine the existence of irregularities of form, 
the level should be read off with the telescope placed successively 
at every 10° of zenith distance on each side of the zenith. The 
mean of all the inclinations found being called B,, and B’ being 
that found at a given zenith distance z, B,—B’ is the correc- 
tion to be applied to any level reading afterwards taken in the 
same position of the rotation axis and at the same zenith dis- 
tance. The level readings are thus freed from the irregularities 
of the pivots, but we &till have to apply the correction for in- 
equality of the two pivots; and this inequality will be deter- 
mined by taking one-fourth of the difference of the mean values 
of B, (found as just explained) in the two positions of the rota- 
tion axis. 

For the examination of the form of the pivots of the great 
Transit Circle of Greenwich, ‘each is perforated, and within 
the hollow of the eastern pivot is fixed a plate of metal perforated 
with a very smal] hole, behind which a light can be placed for 
illumination; and in the hollow of the western pivot there is 
fixed an object glass at a distance from the perforated plate equal 
to its focal length. This combination forms a collimator re- 
volving with the instrument. It is viewed by a telescope of 7 
feet focal length, which, when required, is placed on Vs, one of 
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them planted in the opening of the western pier, and the other 
in a hole made for that purpose in the western wall of the room. 
By a series of most careful observations in 1850, ’51, and °52, no 
appreciable error could be discovered in the form of the pivots.’’* 
These pivots are six inches in diameter. 


THE COLLIMATION CONSTANT. 


143. The constant c may express the distance from the colli- 
mation axis either of the middle thread or of the fictitious thread 
denoted by the “mean of the threads;” the former, when 7’ in 
(82) is the time of transit over the middle thread, and the latter 
when 7'is the time of transit over the mean of the threads 

Let us first determine ¢ for the middle thread; its value for 
the mean of the threads can afterwards be found by adding the 
quantity ai (Art. 183); thus, denoting the latter by ¢, we shall 
have 

Gq=e+ al (103) 


144. First Method.—Place the telescope in a horizontal position, 
and select any terrestrial object that presents some well defined 
point, and so remote that the stellar focus of the telescope need 
not be changed to obtain a good definition of the point.t Mea- 
sure with the micrometer the distance of the point from the 
middle thread. Reverse the rotation axis, and again measure 
this distance. If it is the same as before, the thread is in the 
collimation axis, and ce = 0; otherwise ¢ is one-half the difference 
of the micrometer measures. To obtain a simple practical rule 
which will fix the sign of ¢ for clamp west, put 


M, M' = the micrometer distances of the middle thread from 
the point, positive when the thread appears in the 
field to be nearer to the clamp than the point; 


then, for clamp west, 
e=}(+ M) (104) 


This gives ¢ with the positive sign when the thread is nearer 
to the clamp than the collimation axis, in which case stars at 


* Greenwich Obs. for 1852. Introd. p. iv. 
7 The meridian mark, if one has been established, will, of course, be used for 
this point. See Art. 159, 
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their upper culminations arrive at the thread before they reach 
the axis, and the correction ¢sec d must be additive. 

By this method, no correction for the inequality of the pivots 
is required, since the telescope is horizontal. 

Instead of a distant terrestrial point, we may substitute the 
intersection of two threads in the focus of a horizontal colli- 
mating telescope, placed north or south of the instrument. To 
avoid reversing the axis, two such collimators are used, as in 
the following method. 


145. Second Method.—Let two horizontal collimating telescopes 
D and F, Fig. 41, be mounted on piers in the transit room, one 


Fig. 41. 


north and the other south of the transit instrument, in the same 
plane with its rotation axis, their objectives turned towards this 
axis, and, consequently, towards each other. Suppose, for sim- 
plicity, that the collimators have each a single vertical thread 
N or S in the principal focus. The transit instrument being at 
first removed so as not to obstruct the view of one collimator 
from the other, an image of the thread of either collimator will 
be formed at the focus of the other, and either thread may be 
adjusted so as to coincide exactly with the image of the other. 
Then the two sight lines of the collimators are in the same 
line, or at least are parallel to each other, and their threads 
when viewed by the transit telescope represent two infinitely 
distant objects whose difference of azimuth is precisely 180°. 
Replacing the transit instrument, direct it first towards the 
north collimator. Let CC’ be its rotation axis, AA’ perpendi- 
cular to CC’ its collimation axis, 7’ the middle thread of the 
diaphraym at the distance A7’= c west of the axis. An image 
of WN will be formed at WV’ at a distance AV’ from the collima- 
tion axis, which is the measure of the difference of directions of 
Vor. IL.—11 
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the common sight line of the collimators and the axis AA’. 
Measure with the transit micrometer the distance (= M) of 7 
from WV’. Next revolve the telescope upon its rotation axis and 
direct it towards the south collimator. The axis CC’ is un- 
changed, and the point A of the focus which represents the 
collimation axis is now found at A’. The image of S is formed 
at 8’ at a distance A’S’ from the collimation axis, which is again 
the measure of the difference of directions of the common sight 
line of the collimators and the axis 4A’: so that we have AN’ 
= A’S’; but the points S’ and WV’ are on opposite sides of the 
axis. The middle transit thread is now at 7” on the same side 
of the collimation axis and at the same distance from it as 
before: so that we have also A’7”’—c. Hence, remembering 
that 


M, M' = the micrometer distances of the middle thread west 
of the north and south collimator threads, respect- 
ively, 


we evidently have 
| c= (M+ M1’) 

To give this method the greatest degree of precision, it will 
not suffice to use single vertical threads in the collimators, on 
account of the difficulty of estimating the coincidence of two 
superposed threads. It is also clear that the sight lines of the 
two collimators must not be marked by two entirely similar and 
equal systems of threads, since to bring the sight lines into coinci- 
dence we should still have to superpose one system upon the other. 
A simple method is to substitute for the single thread in the 
north collimator two very close parallel vertical threads, and in 
the south collimator two threads intersecting at an acute angle 
and making equal angles with the vertical. Then the middle 
point between the close parallel threads marks the sight line of 
the north collimator, and the coincidence of the intersection of 
the cross threads of the south collimator with this point can be 
judged of by the eye with great delicacy. It will assist the eye 
somewhat if the collimators have also two parallel horizontal 
threads equidistant from the middle of the field, but not at the 
same distance from each other in both telescopes. 

In the large transit-circle of the Greenwich Observatory the 
whole system of transit threads is moved by the micrometer 
screw. In this case let M and M’ be the micrometer readings 
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when the middle thread is in coincidence with the two colli- 
mators respectively; then M, = 4(M + M’)is the reading when 
the middle thread is in the axis of collimation, and c = 9; and 
if during any subsequent observations the micrometer is placed 
at a different reading m, we must take for the reduction of such 
observations c = M, — m. 


Exampie.—On Feb. 7, 1853, the collimators of the Greenwich 
transit-circle having been brought into coincidence, the middle 
transit thread was brought successively upon each collimator, 
and the reading of the micrometer for the north collimator was 
317.300, and for the south collimator 317.521. Hence, the micro- 
meter being set at the mean 31’.411, the middle thread would 
be in the collimation axis, and then c = 0. But if the transit of 
a star was observed on that date with the micrometer set at 
31.5, we should have ¢c = 31.411 — 31’.5 = — 0’.089, or, since 
Ll — 0.985, ¢ = — 0°.088. 


146. For merely determining the collimation constant, it is 
not necessary, as has been above supposed, that the collimators 
be in the same horizontal plane with the axis of the transit 
instrument. They may be in a plane so far above (or below) 
that of the transit instrument that the telescope of the latter 
when horizontal will not intercept the view from one to the 
other. If then each collimator is mounted as a transit instru- 
ment and its rotation axis is level, it can be depressed (or 
elevated) until its threads can be viewed by the transit tele- 
scope. If the inclination of each collimator to the horizon is 
the same, and the measures of the distances of the middle transit 
threads from the two collimating threads are as before M and M’, 
we still havec =34(M-+ M’). The objection to this arrange- 
ment is that the sight lines of the collimators must be made per- 
pendicular to their rotation axes, and these axes must be levelled, 
adjustments which are unnecessary when they are in the same 
or very nearly the same horizontal plane as the axis of the prin- 
cipal instrument. 

To avoid the necessity of raising the transit instrument out 
of the Vs (when the three instruments are in the same horizontal 
plane), two apertures may be made in the cube of the telescope, 
through which, when the telescope is vertical, the horizontal 
rays from the collimators may pass. 
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147. Third Method.—Direct the instrument vertically towards 
the mercury collimator, and measure with the micrometer the 
distance of the middle thread from its image; put 


M = the micrometer distance of the thread from its image, 
positive when the thread is west of its image ; 


then it is evident that, if the rotation axis is horizontal, we shall 
have M = 2c; but, if the west end is elevated by the quantity 6, 
the apparent distance of the thread and its image will be dimin: 
ished by 20: so that we shall then have M = 2¢ — 26, whence 


Cat 4h (105) 


which gives ¢ with its proper sign for the actual position of the 
rotation axis. 

If we wish to determine the level constant at the same time, 
we reverse the axis, and again measure the distance of the middle 
thread from its image. Then, putting 


M, M'= the distances of the thread west of its image for 
clamp west and clamp east, respectively, 
b, b’ = the level constants in the two positions, 


we have, for clamp west, 
ec=3iM+5 
and (since the sign of cis changed by the reversal), for clamp 
east, 
—e=imM+)I' 


whence 
¢= 4 (Mf — M’)— 40'—5) 


or, since 6’ — 6 == 2p, 


c= 1(M@—M')—p clamp west, } > 
and e=—i(M— mM')+p c east, ( 06) 
We have also 
oa ne GY a a) 
05 2p 
whence 
b=——1(M-+ M’')—p clamp west 
ys a a pte i aoe 
4 2) 


When the micrometer thread is at right angles to the meridian, 
and, consequently, moves only in declination, it can nevertheless 
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be used for determining the small quantities c and } according 
to the above method, as follows. Let AB, Fig. 42, 

be the middle transit thread, A’B’ its reflected es 
image in the collimator, CD the micrometer thread. 
Move the micrometer thread CD until the distance 
between it and its image C’D’, estimated by the 
eye, is equal to the distance between the transit ae 
thread AB and its image, that is, until the two threads and 
their images form, to the eye, a perfect square. This square is 
always very small in a tolerably well adjusted instrument, and 
can be very accurately formed by estimation. We have then 
only to measure the distance of CD and C’D’ to obtain the 
required distance. Now, if we move CD we also cause the 
image C’D’ to move; but it is evident that (the telescope not 
being disturbed) if CD is moved to C’D’, the image will be seen 
at CD, and, in passing from one position to the other, the thread 
and its image will be in coincidence at the point midway between 
the two positions. If this coincidence could be observed with 
perfect accuracy, we might read the micrometer head first when 
the square was formed, and secondly when the coincidence 
occurred and the difference of the readings would be one-half 
the required measure of the side of the square. But, as the 
threads have sensible thickness, it is difficult to estimate the 
coincidence of the middle of the thread with the middle of its 
image, and therefore it will be better to read the micrometer, 
first when the square is formed by the thread at CD and its image 
at O’D’, and secondly when the square is again formed by the 
thread at C’D’ and its image at CD. The difference of the 
readings will then be the required measure of the side of the 
square or of the quantity above denoted by M. 


Q 
SHR 


Exampe e 1.—In 1857, June 28, at the Naval Academy, to find 
the collimation constant of the meridian circle, the distance of 
the image of the middle thread from its image in the mercury 
collimator was measured, by forming a square, as above explained, 
with the declination micrometer thread, alternately north and 
south of its own image. The readings of the micrometer were 
53.5 div. and 59.5 div. The middle thread was west of its image. 
The value of one division of the micrometer was 0°.0618. The 
level constant found by the spirit level was 6 = — 0°.247. Clamp 
West. 
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We find 


div. 
M—-+ 6.0 = + 0°.371 
¢=—1M +b —-+ 04186 — 01.247 = — 0.061 


Exampie 2.—In 1855, May 11, with the same instrument, a 
similar observation was made, both with clamp west and clamp | 
east, and there were found 


diy. 
Clamp W., M ——5A4 (Thread east of its image) 
“ E., Ws = OG ( a4 (4 “ 


Hence, since for this instrument p = 0, we find 


e= 1(M— M')= — 0.042 for clamp W, 
b= —1(M 4M) = 0.125 


148. By combining the collimating telescopes with the mer- 
cury collimator, we can deduce both the collimation and level 
constants without reversing the rotation axis and without in- 
volving the inequality of the pivots. For, by the collimating 
telescopes, we deduce the value of ¢, and by the mercury colli- 
mator in the same position of the axis, the value of b= ¢ — 4M. 
This is the method now employed at the Greenwich Observatory, 
where the transit circle is never reversed; but it is better also 
to reverse, and thus obtain two independent determinations of 
our constants for verification. 

If we reverse the instrument and determine the level constant 
by this method in both positions, we can find the inequality of 
the pivots; for we shall have p = 4(b’ — 0). 


149. Fourth Method.—The preceding methods are very precise 
and convenient, but are practicable only with instruments pro- 
vided with collimators. The following method is independent 
of these auxiliaries, and is practicable with all instruments which 
admit of reversal; and, being quite accurate, it may be used 
also with the larger instruments in connection with the other 
methods, as a check upon them. 

Direct the telescope upon a star near the pole, and observe 
its transits over one or more of the side threads (and also over 
the middle thread, if the instrument can be reversed in the 
interval between two threads). Then immediately reverse the 
rotation axis and observe the transits of the star over one or 
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more of the same side threads again. Let 7 and 7” be the 
mean of the clock times of transit over the middle thread, 
deduced from the several observations for clamp west and clamp 
east respectively (Art. 133); 6 and 0/ the level constants in the 
two positions (the pivots being supposed unequal); then, by (82), 
(83), and (87), we have, for clamp west, 


a=T+aT-4 g ne — 9) Ack ieee) ec _ 08.021 cosy 
cos 0 cos 0 coso cos 6 


and, for clamp east, 


yee 7 aT pL eae) c 0.021 cos¢g 
COs 0 cos 6 cos 0 cos 0 


From the difference of these equations we deduce 
c= 4(T’ — T) cos 6 + p cos(¢ — 4) (108) 
in which we have substituted p for $(b’— 6b). If the pivots are 
equal, the term p cos (gy — @) will disappear. 
If 7 and 7” are the times of passing the mean thread (Art. 134), 
then ¢ is the collimation of this fictitious thread. 


150. If the equatorial intervals have not been previously well 
determined, the mean of the transits over the same thread in the 
two positions must be compared with the transit over the middle 
thread. Thus, if 7, and 7)’ are the clock times on the same 
thread for clamp west and clamp east, we have, for this thread, 
i, being its equatorial interval (omitting the diurnal aberration, 
which would be eliminated), 


sin (g — 0) b CEO) 


a= T,+i,secd-+aT+a 


cos 6 COs 0 cosé 

’ sin == cos(g — 6 Cc 
o = T’—i,secd+aT+a ise!) 1p (y ae 
cos 6 cos 6 cos 06 


and, for the middle thread, supposed to be observed with clamp 


west, 
cos (g — 90) c 


cos 0 cos 6 


a=T+aTta 


The difference between the last equation and the mean of the 
first two gives 
G (34> a Ti 


5 — 7) cos 0 -+ p cos (¢ — 9) (109) 
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but, since the error of observation in T will appear in all the 
values of ¢ thus found from the several threads, their mean wil) 
also involve this error, so that but a slight increase of accuracy 
will be gained by observing more than one side thread. Hence, 
for the greatest precision, it is indispensable that the thread 
intervals should be previously well determined, and that several 
threads should be used as prescribed in the preceding article. 

These formule apply without modification to the case of a 
lower transit, if for d we use the supplement of the star’s decli- 
nation (Art. 128). 


Exampie.—On Sept. 30, 1858, the lower transit of Polaris was 
observed with the meridian circle of the Naval Academy on the 
three side threads and the middle thread with clamp east, and 
on the same side threads with clamp west, as below: 


Polaris (lower culm.) d = 91° 26’ 34”. 


Thread. Clock. Rn ne 
I 12) 44 4s. + 238” 39°.2 IIBYe soye DAG 
CLE II L520 All +15 44.8 DAD) hss 
ed Il 18 © 8 + 7 47.5 26 .5 
IV HB fa 24 .5 

Mean J’ — WSS yy, IS: 
NSC ss 1G Zil, == ff aly 1s} 9) 6355) 
Cl. W. Il 24 20). == ly 44S 9) 52 
I BYR 118) == 25) BO) 4 33 .8 

i Mean JT — Bs 3 RS ily 


The adopted intervals for these threads were 7, = + 35°.67, 
= + 23°.77, 4, = + 11°.T7, with which the reductions to the 
middle thread were computed as in the table. - As a test of the 
accuracy of the observation, each thread is here reduced sepa- 
rately. We have then, taking only the seconds of JZ’ and 7”, 
and putting p = 0, by (108), 


9 25%.25 — 880.17 


: cos 91° 26’ 34” — + 0*.100 (CL. W.) 


On the same day the distance of the middle thread west of its 
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image in the mercury collimator was found with clamp east te 
be — 19.9 div. = — 1°.230, and by the spirit level there was found 
6 =-+ 0°.521, whence ¢ = — 0°.615 + 0°.521 = — 0°.094 (Cl. E.), 
agreeing almost exactly with the value found by Polaris. 


THE AZIMUTH CONSTANT. 


151. To find the azimuth constant, we must have recourse to 
the observations of stars, since it is only by a reference to the 
heavens that the direction of the meridian can be determined. 
We can either find a directly, or first find n and m, from which 
a can be deduced. 

To find a directly.—Observe the transits of two stars of different 
declinations 6 and 0’. Let T'and 7” be the clock times of transit 
reduced to the middle thread (or the mean thread), 6 the level 
constant, c the collimation constant for the middle thread (or 
the mean thread), and put c’ = ¢ — 0°.021 cos g (Art. 126). Let 
AT, be the clock correction at any assumed time JX, d7' the 
hourly rate; then the clock corrections at the times of observa- 
tion are 

AT = aT, + 6T(T— T) 
AT’= AT, + 67 (T'— T,) 


Then, if a and a’ are the apparent right ascensions of the stars 
at the time of the observation, as found from the Ephemeris, 
we have, by (82) and (87), 


a—T7+aT+asin(¢g —06)sec 0 +b cos(g—4)secd 4+ c' sec 6 
a’ =: T’+ aT’+ asin (g — 0) sec 0’+ b cos (g — 0’) sec 0’+ ¢' sec 0’ 


If in these we substitute the above values of a7’ and a7”, and 
suppose the rate of the clock to be given, every thing in the 
equations will be known except 47) and a. To abbreviate, put 


t= T+ 6T(T — T,) +b cos (¢ — 0) sec 6 + c'secd 


t'— T’'+ oT (T'— T,) + 6 cos(y — 0’) sec 8’+ ¢' sec vs ne 


that is, let ¢ and ¢’ denote the observed clock times reduced to 
the assumed epoch 7Z) and corrected for level and collimation ; 


then we have 
a=—ttaT+ asin (g — 6 )secd 
a’ = t’+ aT,+ asin (g — 0’) sec 0’ 
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which give 
sin (g — 0’ sin (g — 0 
wart pale) _ MeO] 
cos 6’ cos 6 
cos ¢g sin (6 — 6’) 


i 
a aoe cos 6 cos 6’ 
whence 
‘ ; cos 6 cos 6’ 
IEA AC et AC) cos ¢ sin (6 — 0’) 
or (111) 
ie et | 
cos ¢ (tan 6 — tan 0’) : 


From these formule we learn the conditions necessary for 
the accurate determination of a. In the first place, if the 
rate of the clock is not well determined, the interval between 
the observations must be as brief as possible, so that ¢ and ?’ 
will be but little affected by the error in 07. The right ascen- 
sions of the two stars must therefore differ as little as possible; 
or, if one of them is observed at its lower culmination, they 
must differ by nearly 12’. In the next place, it is evident that 
the larger the factor tan 6 — tan 0’ in the denominator of (111), 
the less effect will errors in 7?’ and ¢ have upon the deduced 
value of a. Therefore, if both stars are observed at the upper 
culminations, one must be as near to the pole and the other as 
far from it as possible. Finally, the right ascensions a and a/ 
must be accurately known, and, therefore, only fundamental 
stars should be used, or those whose places are annually given 
in the Ephemeris. 

If one of the stars is observed at its lower culmination, we 
have only to use 180° — 0” and 12’ + a’ for its declination and 
right ascension, and still use the equations (110) and (111) with- 
out change of notation (Art. 128). In this case the factor 
tan 0 — tano’ will become tan od + tan 0’ (taking 0” here to 
signify the proper declination); and this will be the greater, the 
nearer both stars are to the pole. All the most favorable condi- 
tions can therefore be best fulfilled by two cireumpolar stars, 
both as near to the pole as possible and differing in right ascen- 
sion by nearly 12”. 

If we can rely upon the stability of the instrument and the 
clock rate for 12’, we may observe the same star at both its 
upper and lower culminations, and then, putting 180° — 0’ = 0, 
the formula becomes 
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a’ — a —(t’—t) 
2cos ¢ tan 6 


6 


(112) 


where a’ is the apparent right ascension of the star at the lower 
culmination increased by 12”, and ?¢’ is the corrected time for the 
lower culmination. 

If the object of the observer is to re-determine the right 
ascensions of the fundamental stars themselves, it is plain that 
he must have an instrument of the greatest stability, and for 
the determination of the azimuth must rely upon upper and 
lower culminations of the same star; for the difference a/ —a 
in (112) may be accurately computed by the formule for pre- 
cession and nutation, although the absolute values of « and a’ 
may be but approximately known. 

To find n directly Having observed two stars under the con- 
ditions above given, let ¢ and ¢’ be the clock times reduced for 
rate to the assumed epoch 7) as before, but further corrected 
only for collimation; that is, put 


t= T+ 6T(T—T,) + ¢sec 6 \ 118 
t'— T'+ oT (T'— T) + d sec 8 Gi) 
then, by Busseu’s formula, Art. 126, 
a=t+aT,+m-+ntano 


a’=t'+ AT, + m-+ n tan 0’ 
whence 


f , 
pg we Nee) (114) 
tan 6d — tan 0’ 
For a single circumpolar star observed at its upper and lower 
culminations, 


_ @'—t) —(@—a) 
ah 2 tan 6 co) 


We then find m by (85); namely, 
m—bsecg —ntan ¢ (116) 


If we reduce our observations by BzssrL’s or Hansen’s 
formula, it will be unnecessary to find a. If it is required, how- 
ever, it may now be found by the equation 


a=b tan g — nsec p (117) 
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Exampie.—On May 25, 1854, with the meridian circle of the 
U.S. Naval Academy, the upper and lower transits of Polaris and 
the transit of a Arietis were observed, and the clock times reduced 
to the middle thread were as follows: 

if 
Polaris U.C. 1" 14" 48°.24 (Clamp East.) 
a Arietis wt) Qos << 
PolarisL.C. 18 14 40.12 ac 


With the spirit level and mercury collimator, there were found 
b= -+ 0°.004, ce = — 0°.2038. The hourly rate of the clock on 
sidereal time was 07’= — 0°.224. The longitude of the instru- 
ment was 5” 5" 55° W. of Greenwich, and the latitude g = 38° 58’ 
52’’.5. Find the constants a, m, and n. 

From the Nautical Almanac for this date the right ascensions 
and declinations of the stars, reduced to the time of the obser- 
vations, are 


a Co) Nat. tan 6 
Polaris U.C: 1% 5” 29:41 88°31, 397 38.902 
a Arietis 1758 56.05 2246557 0.420 
OLGA en eM O RIO 91 28 21 — 38.902 


We find for the constant of diurnal aberration for the given 
latitude, 0°.021 cos g = 0°.016, and hence ¢’ = — 0°.203 — 0°.016 
= — 0°.219. Computing c’ sec d, bcos (gy — 6)sec od for each star, 
and reducing the times for rate to 0”, the values of ¢, according 
to (110), are found as follows: 


. Red. for | Corr. for | Corr. for 
rate to 0*.| collim. level. 


s 


Polaris U.C.| 1* 14” 48*.24 | — 0°.28 . — 8°.52| + 0°10] 1° 14™ 392.54 
a Arietis, 2 8 9.138|—0.48}]—0.24 0.00; 2 8 8.41 
Polaris L.C.|13 14 40.12|— 2.97|4+ 8.52|—0.09|18 14 45.58) 


To exemplify the use of the formula (111), we will first take 
Polaris U.C., and a Arietis (accenting the quantities for the 
second star). We find 


a’ — ao = 53™ 269.64 t’ — ¢ = 53” 28.87 
tan 6 — tan 6’ = 88.482 
and hence, by (111), 
— 28.23 


a= = 8 OE 
38.482 cos o coe 
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To exemplify the use of (111) in the case of two stars, one 
above and the other below the pole, we will take a Arietis and. 
Polaris L. C., for which we find 


a’ — a = 11* 6” 33.70 Cae LI Oops 


tan 6 — tan 0’ = 39.322 
whence 


— 3°47 


a= = — 0°.114 
39.3822 cos ¢ 


To exemplify the use of (112), we will take Polaris U. C. and 
L. C., for which we have 


a’ — ao = 12* 0” 03.384 t’ — ¢ = 12? 0” 6°.04 
2tan 6 = 77.80 
whence 
== ae 5*.70 —— 03.094 
77.80 cos g 


We adopt this last determination of a, and then, by (80), we find 
m — — 0°.056 n = + 0°.076 


But, where m and n are required, it is preferable to find n 
directly from the observations, and for this purpose we do not 
correct the times for level. Thus, correcting the times according 
to (113), we find ¢ as follows: 


. Red. for | Corr. for i 
rate to OM. coll. 


Polaris U.C. | 1*14" 48-24 |— 0°.28|— 8.52] 1414" 39°.44 
a Arietis, Dee Onis! = 0048) 0.24 2. 8 SAI 
| Polaris L.C. | 18 14 40.12 |— 2.97|+4 8.52] 18 14 45.67 


Taking Polaris U. C. and a Arietis, we find, by (114), 


Mee + 29.33 
~~ 38.482 


= -+ 0°.061 


Taking a Arietis and Polaris L. C., we find, by the same 
formula, . 
489.56 


mn — + 0+.091 
t= agp 
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Finally, from Polaris U. C. and L. C., we find, by (115), 


_ +5:.89 


= -+ 0.076 
77.804 7 


agreeing exactly with the value above found from the same 
observations. We now find m by (116), which gives as before 
m = — 0°.056. And then, if a is required, we find, by (117), 
a—— 0°.094:; 

THE CLOCK CORRECTION. 

152. Having determined all the instrumental constants, the 
clock correction is found from the transit of any known star by 
the formula 

AT =a—(T+7) 
in which Tis the clock time of the star’s transit over the middle 
thread, or the mean thread, and rt is the reduction of this thread 
to the meridian, computed by either (81), (86), or (87). 

The finally adopted value of a7’ will be the mean of all the 
values thus found from a number of stars; and this mean will 
be the value corresponding to the mean of all the times of obser- 
vation. But the observations thus grouped together for a deter- 
mination of a7’ should not extend over so great a period of time 
that the clock rate cannot be regarded as constant during that 
period. 

The clock rate is found by comparing the corrections a7) aT”, 
corresponding to two times 7) 7”, or 


The value a7} of the clock correction for an assumed epoch 7; 
will be found by taking 


AT =A eT =D) 


It is evident, from Hansern’s formula (86), that an error in the 
determination of n (or of a, which involves 7) will have the less 
effect upon cand a7 the less the difference between the observer's 
latitude and the star’s declination. Hence, assuming that } and 
ecan be found with greater precision than n, it is expedient to 
use for clock stars only fundamental stars which pass near to the 
zenith. If two circumzenith stars are observed, such that the 
mean of the tangents of their declinations is equal to the tangent 
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of the latitude, the mean value of a7’ will be wholly free from 
any error in 7. 

An error in ¢ will be eliminated, either wholly or in part, by 
taking the mean of the two values of a7’ found in the two posi- 
tions of the rotation axis, since the sign of c, and, consequently, 
also that of any error in c, is changed by reversing the axis. An 
error in the assumed value of the correction p, for inequality of 
pivots, will also be removed in this manner; but, since the co- 
efficient of b does not change its sign for different stars, nor 
when the instrument is reversed, there is no method of elimi- 
nating an unknown error of 6. It is necessary, therefore, that 
the astronomer give particular attention to the precise determi- 
nation of this constant. 

(For the determination of the clock correction by a transit of 
the sun, see Art. 155). 


DETERMINATION OF THE RIGHT ASCENSIONS OF STARS. 


153. The principal application of the transit instrument in the 
observatory is the determination of the apparent right ascensions 
of the celestial bodies. The instrumental constants and the 

clock correction and rate being found from known stars as above 
- explained, the right ascension of any other star is immediately 
deduced from the time of its transit by (82), in which we may 
substitute (86) or (87). The form in which the observations are 
reduced will be best learned by referring to any of the printed 
observations of the principal observatories. 

In making a catalogue of stars, the instrument is clamped at 
a certain declination, and all the stars within a zone of the 
breadth of the field of the telescope are observed as they cross 
the threads. In this case, it will be expedient to find the clock 
correction from fundamental stars nearly in the parallel of decli- 
nation upon which the instrument is set. For if we have found 
aT from a star whose right ascension is a, by the formula 


AT=a— atk: + 7) 
the right ascension of another star will be 


LLM RE TCIRG 2 1 gig Ruy ELS 
Se Eee) Ga) 


that is, it will be equal to the right ascension of the fundamental 
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star increased by the clock interval corrected for rate, and for 
the difference r/— r of the instrumental corrections; and if the 
declinations are the same, we shall have r’— rt = 0, and all the 
errors of the instrument will be eliminated. Since, in this appli- 
eation, the absolute clock correction is not required, we may 
substitute in (82) m’ for a7’+ m, and m/ will be found directly 
from the fundamental stars by the formula 


m =a —(T'+ n tan 0 + c'see 0) 


The right ascensions will then be obtained by adding to the 
observed times the correction m’ + ntand + c’sec 0d, and it will 
not be necessary to separate m’ into its constituents a7’ and m. 
Since m/ involves the rate of the clock, its hourly variation will 
be taken into account in precisely the same manner as that of 
AT. This mode of reduction was adopted by Brssex for his 
Konigsberg Zone observations. 

The mean right ascensions for the beginning of the year or 
for any assumed epoch, are found, from the apparent right 
ascensions, by the formula (692) of Vol. I. 

For the determination of the absolute right ascensions of the 
fundamental stars, see Chapter XII. Vol. I. 


TRANSITS OF THE MOON, THE SUN, AND THE PLANETS. 


154. Transits of the moon.—The hour angle of the moon’s limb, 
when on a side thread, is affected by parallax; and the time 
required by the moon to pass from this thread to the meridian 
differs from that required by a star in consequence of the moon’s 
proper motion in right ascension. If is the true declination of 
the moon, 0’ the apparent declination as affected by parallax, 0 
the apparent east hour angle of the moon’s limb at the instant 
of the observed transit over a thread whose equatorial interval 
Fig. 43. from the middle thread is 7, then, since 0’ is the decli- 

= nation of the observed point on the thread, we have 


5% =m +n tan 0’+ (i + c)sec 6’ 


Thus # is known, but to reduce the observation we 

Zz must find the true hour angle & Let PM, Fig. 48, be 
\ the meridian, P the pole, Z the geocentric zenith of the 
M \ place of observation, O the true place of the moon, O/ 
w'—o its apparent place; and denote the true and apparent 
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zenith distances ZO and ZO’ by z and z’. We have MPO = #, 
MPO = 3’, and drawing OM, O'M’ perpendicular to the meri- 
dian, we find 

sin MO _ sin MO’ 


sin MZO = — — — 
sin ZO sin ZO’ 
or 
sin % cos 6 sin # cos 6’ 
sinz sin 2! 
whence 
sin z cos 0’ 
a 
sin 2’ cos 6 
Now, if 


4 = the moon’s increase of right ascension in one second of 
sidereal time, 
the sidereal time required by the moon to describe the hour 
: Oy : 5 : 
angle & is eat and, therefore, 7’ being the clock time of transit 
of the limb over the thread, the right ascension of the limb at 
the instant of its transit over the meridian will be 


o. 


BT ee 5 


and if we put 


S = the moon’s geocentric apparent semidiameter, 


the hour angle of the moon’s centre when the limb is on the 
meridian will be + a and the time required by the moon 


to describe this hour angle will be + Ween cash Hence the 


formula for computing the right ascension of the centre at the 
instant of the transit of the centre over the meridian is 


% P S 
1—.A_ 15(1 — A) cos 6 


a= 7+ aT 


in which the upper or the lower sign will be used according as 
the first or the second limb is observed. If then we substitute 
the values of 3 and &, and put 


sin Z 1 
~ ging (1—A)cos 6 


(118) 


Vou. II.—12 
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we have 
S 
a= T+aT+iF+(m-+ntano’+ ¢ secd’) Fcos 0’ 15 (1d) cons (119) 


To compute the factor #’ conveniently, put 


y epee jes II 
sin 2’ Ll 
then 
EF = AB sec 6 


The value of A may be developed in a simple form. If we put 
y’ = the reduced or geocentric latitude of the place of observa- 
tion, p = its geocentric distance, 7 =the moon’s equatorial 
horizontal parallax, we have z = g’ — d, and 


sin (e’ — 2) = p sin z sin 2 
whence 


gin 2 


A= = cos (2/ — z)— p sin z cos 2 


sin 2 
or, neglecting the square of the parallax, 
A = 1 — pp sin =z cos (¢’ — 9) 


which is the form employed by BxssEL, who gives the value of 
log A, in Table XIII. of the Tabule Regiomontane, with the 
argument log [e sin z cos(y’ — 0)]. For a particular observatory, 
where these reductions are frequent, it is more convenient to 
prepare a special table, adapted to the latitude, giving log A with 
the arguments 0 and z. In Brssgt’s table, there are also given 
the values of log B with the argument “change of the moon’s 
right ascension in 12" of mean time,” and the argument is ex- 
pressed in degrees and minutes of arc; but as the change in one 
minute, expressed in seconds of time, which I shall denote by aa, 
is given in the American Ephemeris, I shall take 


feet Ae 60.1648 
~ 60.1643 60613 ee 


where 60.1643 is the number of sidereal seconds in one minute 
of mean time. The following table gives the values of log B 
computed by this formula: 


TRANSITS OF THE MOON. 179 


Argument Ao = change of the moon’s right ascension in one minute of 
mean time. 


Aa log B | Aa log B Aa log B 
1°.65 0.01208 || 2*.05 0.01506 2°.45 0.01806 
170 0.01245 } 2.10 0.01543 2.50 0.01843 
1.75 0.01282 || 2.15 0.01580 2.05 0.01881 
1.80 0.01319 2 .20 ).01618 2 .60 0.01919 
1.85 0.01356 2.25 0.01655 2 .65 0.01956 
1.90 0.01394 2.80 0.01693 2.70 0.01994 
1.95 0.01431 2.85 0.01730 2.75 0.02032 
2 .00 0.01468 2.40 0.01768 2.80 0.02070 


This table will be useful also in computing the term 


2 = |; SB sec 6 
15 (1 — 4) cos 6 

The reduction of an observed transit of the moon is then as 
follows. The transit over each thread is reduced to the middle 
thread (or mean thread) by adding the correction 7’ to the 
observed times, and the mean of the several results is taken 
as the clock time of transit of the limb over the middle (or 
mean) thread; or this time may be found by multiplying the 
mean of the equatorial intervals of the observed threads by 
and adding the product to the mean of the observed times. 
This time is then reduced to the meridian by adding the correc- 
tion (m + ntan 0’ + ¢’ sec 0’) F'cos 0’ or (m cos &’ + nsin 0 + 6’) F, 
in which we may take 0’ = 0 — z sin(g’ — 0). Then, adding the 
clock correction, we have the right ascension of the limb at the 
instant of its transit over the meridian. Finally, adding or sub- 


ao eS we have the right ascension of 
the moon’s centre at the instant of its transit over the meridian. 

When the moon has been observed on all the threads, the 
computation of F by the above method may be dispensed with, 
as an approximate value, sufficient for computing the reduction 
to the meridian, may be inferred from the observed times on the 
first and last thread. For, calling the observed interval between 
these threads J, and the equatorial interval 7, we have J = iP, 


whence 


tracting the term 


ae 
a 
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If we omit the factor 1 — 4 throughout, the right ascension 
obtained is that which corresponds to the instant of the observa- 
tion instead of the instant of meridian passage. 


Exampie.—The transit of the moon’s first limb was observed 
at the U. S. Naval Academy on May 29, 1855, as follows: 


Thread. Clock. 
I 158 3" D720 
II 4 10.3 
(Clamp east.) II 4 23.2 
IV 4 36.2 
Vv 4 49.0 
VI By il ge: 
Vil 5 14.6 


For the Naval Academy we have gy’ = 38° 47’ 38’, and logp 
= 9.99943; and the longitude from Greenwich is 5” 5” 57°. 

The constants of the transit instrument were m = + 0°.251, 
n = — 0°.162, ec = + 0°.093; and hence (Art. 126) c’ = + 0°.093 
— 0°.016 =+ 0°.077. The clock correction to sidereal time was 
+ 1” 25°11. The equatorial intervals of the threads from the 
middle thread were 

i, iy ig is ig iy 
Shg556) | deege72.  iie78 = 177) 2 Oey Seaeen 

From the American Ephemeris we find for the culmination 
at the Naval Academy on May 29, 1855, 

Wie O01 40 ok IS = 157465 
6 == — 17° 58) 53” Ao = 25.2147 

To illustrate the method of reducing the observations to the 
middle thread, we will first find the factor #’ by direct computa- 
tion. We have go’ — 6 = 56° 46/ 31”, log psinzcos(g’ — 0) = 
7.96355; and hence 


log A = 9.99599 
log B = 0.01629 
log sec 6 = 0.02175 
log F = 0.08403 
Multiplying the equatorial intervals by F, we find the reductions 
of the several threads to the middle thread to be 


I II I V VI Vil 
+ 38°56 + 25°65 4 12°74 —12.78 —25°71 — 88.58 
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The clock times of transit over the middle thread, according 
to the observations on the several threads, were, therefore, 


I 15* 4” 36°.06 


Il 35 .95 
IME: 35 .94 
by 36 .20 

Ag 36 .27 
VI 36 .09 

VII 36 .02 


Mean T—15 4 86.08 


To compute the instrumental correction, we have z sin (g’ — 8) 
= 48’.8, whence 0’=—18° 47’.2, m-+ntanod’-+ c’secd’ = 
-+ 0°.3887, and therefore 


(m + n tan 0’-+ c’sec 0’) F’cos 6’ = + 0°.40 
Applying this term to the above mean, we have 


Clock time of transit of the limb — 15* 4” 86:.48 


Clock correction, AT bz) 1k 
R. A. of the limb at transit == 15-6) 1,59 
D 1 8.88 


15 —d)\coso 
R.A. of moon’s centre at transit,a— 15 7 10.47 


The factor # might have been approximately deduced from 
the first and last observations, which give the interval J= 77°.1, 
and the equatorial interval between the extreme threads is 
i = 385°.65 + 35°.67 = 71.32, whence 

ch 


log ff = log 71.32 


= 0.0338 


which is sufficiently accurate for reducing the instrumental cor- 
rection. 
The “ sidereal time of the semidiameter passing the meridian,”’ 


» may be taken from the table of Moon Culmi- 


a (1 — 4) cosé 
nations given in the Ephemeris. 

The clock correction employed in deducing the moon’s right 
ascension should be deduced from stars as nearly as possible in 
the same parallel of declination. (See Art. 153.) The “moon cul- 
minating stars” are stars lying nearly in the moon’s path whose 
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positions have been carefully determined for this purpose. (See 
Vol. I Art. 229.) 


155. Transits of the sun or a planet.—The formula (119) is applic- 
able in general to any celestial body; but, in the case of the sun 
and planets, the parallax is so small that its effect upon the time 
of transit over a side thread is inappreciable: so that we may 


take simply 
1 


= —__—____ = 8 gee 0 
(1 — 4) cos 6 


and, consequently, also put d for 0’. The formula for computing 
the right ascension of the centre of the sun or a planet over any 
given thread is, therefore, 


a=T+aT+iBsecd+(m+ntand+c secs) B+ 7,8 Bsecd (120) 


in which (A denoting the change of right ascension in one sidereal 


second) we have 
if 


1—A 
The logarithm of B may be readily computed. Putting aa for 
the change of right ascension in one hour of mean time (which 
change is given in the Ephemeris for the sun), we have, since 
one mean hour is equal to 3610 sidereal seconds, 


at Aa 
~~ 3610 
Aa 
*loe B = — log(1 — 
8 a a) 
= Aa-—— 
3610 


in which M= 0.43429, the modulus of the common system of 
logarithms. Performing the division of MZ by 3610, we find 


log B == 0.00012 « Aa (121) 


in which aw must be expressed in seconds of time. 

In the British Nautical Almanac, the change of right ascension 
4a in one hour of longitude is given for each planet. In this 
case, we have 


— 


* By the formula log (1 — x) =— M(x + 42+ &c.), where the square and 
higher powers of « are so small as to be inappreciable in the present case. 
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Ao 


pe | 
T 3600 


the logarithm of which may also be found by (121) with sufti- 
cient accuracy, that is, within a unit of the fifth decimal place. 

The term 4 SB sec 0, or “ the sidereal time of the semidiameter 
passing the meridian,” is given in the Ephemeris for the sun and 
each of the planets. When both limbs have been observed on 
all the threads, this term is not required, since the mean of all 
the observations is evidently the time of the passage of the centre 
over the mean of the threads. If this mean is to be reduced to 
the middle thread, there will remain the small correction aiB secd 
to be applied (Art. 133), for which we may take aisec 0. We may 
also put m+ 7 tan 0 + c’ sec d instead of (m + n tan d + ¢ sec 0) B, 
unless m, n, and c’ are unusually great. 

The reduction of transits of the sun observed with a sidereal 
clock is greatly facilitated by the use of Table XII. of Busszt’s 
Tabule Regiomontane, which contains every thing necessary for 
the purpose, for each day of the fictitious year (Vol. I. Art. 406). 


156. Transits of the sun observed with a mean time chronometer.— 
A mean time chronometer is often used with the portable transit 
instrument, and transits of the sun are then observed solely for 
the purpose of determining the chronometer correction. In this 
case, the mean motion of the sun corresponds with that of the 
chronometer, and therefore the factor B may be put equal to 
unity, unless we wish to obtain extreme precision by taking into 
account the small difference between the mean motion of the sun 
and its actual motion at different seasons of the year, a degree 
of precision quite superfluous in the use of a portable instrument. 
If we put 


E = the equation of time for the instant of transit, positive 
when additive to apparent time, 

S’ = 1; S sec 6 = the mean time of the sun’s semidiameter 
passing the meridian, which may be taken from the 
Ephemeris, 

t = the reduction to the meridian, found either by (82), (86), 
or (87), 
7’— the observed chronometer time of the transit of the 
sun’s limb over a thread whose equatorial interval is 4, 
aT — the chronometer correction to mean time, 
t — the chronometer time of the transit of the sun’s centra, 
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then we have 
t= T+isecdt S’4+r (122) 
and 
12) ep Sea 
or 
AT =12 We (123) 


Exampie.—On May 17, 1856, the transit of the sun was ob- 
served at the Naval Academy with a portable instrument as below 
(Clamp West): 


Mean time chronometer. 
Thread. 
1st Limb. 2d Limb. 

I 11? 55” 422.2 11" 37” 565.6 
II SOMO ee lost 

HUE 56 12.0 58 26.7 

IV lost te, AND off 
V 56 42.3 lost 

There had been found a= -+ 0°.35, 6 = — 0°.27, c = — 0°.12. 


The thread intervals from middle thread were 


a v a Us 


1 2 4 
+ 289.25 + 14°.15 — 14°.27 —- 28°.31 


The longitude being 5* 5” 57° west of Greenwich, we find from 
the Ephemeris for the transit over this meridian, 


6 == + 19° 29'.1 SS == 07.24 Lf = = SATA 


The reductions of the several threads to the middle thread, or 
the values of isecd, are, therefore, 


I II IV Vv 
4. 295.97 4+ 15*.01 — 15°14 — 30.08 


Applying these to the observed times, and also the quantity 
+ 8’, we have the chronometer time of the transit of the sun’s 
centre over the middle thread, as deduced from the several 
threads, as follows: 
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Thread. Chronometer. 
di UO faye 11 aL 
: IL 19 .65 
at 19 24 
V 19.51 
I LORSS 
2d Limb, am 19 .46 
IV 19 .382 
Mean = 11 57 19.42 
The latitude being g = 38° 58’.9, we find, by (87), 7 = — 0°.27, 


and hence, finally, 
GAT 57" 19°.15 
12+ H—11 56 10.29 
Kiligeae = 1. +8:.86 


157. Correction of the transit of the moon or a planet when the 
defective limb has been observed.—Let us consider the general case 
of a spheroidal planet partially illuminated. The transit of the 
observed limb is reduced to that of the centre by employing 
instead of Sin (119) the perpendicular distance from the centre 
of the planet to that tangent to the limb which lies in the direc- 
tion of the transit threads, or, in the case of meridian transits, 
the perpendicular upon the declination circle which is tangent 
to the hmb. The formule for computing this perpendicular, in 
general, are discussed in Vol. I., Occultations of Planets, where we 
have found that in all practical cases the formule (628) of p. 580 
may be considered as rigorous. In those formule the angle & 
is the angle which the required perpendicular makes with the 
axis of the planet, so that, p being the angle which this axis 
makes with a declination circle, we have here 


% —= 270° — p or 3 = 90° — p 


according as the first or second limb is observed. The values 
of p as well as of V and ¢ required are found as in Vol. I. Arts. 
351, 352. 

But this rigorous process will seldom be required; and when 
we regard the planet as spherical, the formule can be simplified 
as follows. For a spherical planet we make ¢c = 1, and substi- 
tute the value 90°— p for @ which apples to the 2d limb, 
whence, by Vol. I. formule (628) and (628), 


siny = cosp sinV 
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or 
sin y = 5 cos D sin (a’ — A) 
(124) 
wt So 
§ we COP reece 


where a and A are the right ascensions of the planet and the 
sun respectively (and a’ — A is therefore in the present case the 
sun’s hour angle at the time of the observation) ; DD = the sun’s 
declination; R, R’ = the heliocentric distances of the earth and 
the planet respectively; s =the apparent semidiameter of the 
planet at the time of the observation; s) =the mean semi- 
diameter (Vol. I. p. 578); r= the geocentric distance of the 
planet; and s’’= the required perpendicular. For the moon we 
may put A= f’. 

The above value of sin y is deduced for the second limb, and, 
therefore, by Vol. I. Art. 354, it will be positive when the second 
limb is defective. Since we should have to substitute 270° —-p 
for 3, or — cos p for sind, in the case of the first limb, which 
would only change the sign, it follows that the value of sin y com- 
puted by the above formula will be positive or negative according as the 
2d or the 1st limb is defective. 

The value of s’’is to be substituted for S in (119). 


EFFECT OF REFRACTION IN TRANSIT OBSERVATIONS. 


158. Since the refraction changes the zenith distance, its effect 
upon the time of transit over a side thread has the same form as 
that of the parallax. If then z and 2’ denote respectively the 
true and apparent zenith distances, the time required by the star 
to describe the interval 7 is 7#’, where Fis found by (118); or, 
denoting this time by J’, and putting 2 = 0, 

lee 7 ging 


cos dé sin 2’ 


Now, the refraction is represented by the formula r = k tan 2’, 
k being nearly constant; and for values of z not greater than 85°, 
we may here assume k = 58’, and z =<’ + ktanz’, whence 


we find 


sin 2 


= 1+ ksin 1” —1.00028 


sin 2’ 
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Hence the error in computing the interval by the formula 

= isecd is IX .00028, which amounts to 0°.01 when J= 36°; 
and this is as great an interval as is ever used for an equatorial 
star. The error of observation for other stars increases with the 
interval J, or as the value of secd: so that the error produced 
by neglecting the refraction is always much less than the proba- 
ble error of observation. Moreover, the error is wholly elimi- 
nated when the star is observed on all the threads, or on an equal 
number on each side of the middle thread. 

If, for any special purpose, it becomes necessary to correct an 
observation on an extreme thread for refraction, we can take, as 
a very accurate formula, 


I'’=isec 61+ k sin 1”) 


k being found by Brssrt’s Refraction Table (Table IL.), and, for 
a near approximation, 


I'’=isecd & 1.00028 


MERIDIAN MARK. 


159. For a fixed instrument, it is desirable to have a perma- 
nent meridian mark by which the azimuth of the telescope may 
be frequently verified. A triangular aperture (for example) in a 
metallic plate mounted upon a firm pier, with a sky background, 
makes a good day mark, the thread of the telescope being brought 
into coincidence with it by bisecting the vertical angle of the 
triangle. If the mark is sufficiently near, a light may be placed 
behind it for night observations. A simple mark like this, how- 
ever, must be so remote as to be distinctly defined in the tele- 
scope without a change of the stellar focus, and even for instru. 
ments of moderate power this requires a distance of upwards 
of a mile. 

It is found, however, that the apparent direction of these 
distant marks is often subject to changes from the anomalous 
lateral refractions which take place in the lower strata of the 
atmosphere, produced chiefly by variations of temperature. If 
a sheet of water intervenes, the mark is found to be especially 
unsteady. It was to remedy this difficulty that RirrEnnousE 
first proposed the plan of placing the mark comparatively near 
to the instrument, but in the focus of a lens which receives 
the divergent rays from the mark and transmits them to the 
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telescope in parallel lines; a suggestion which has resulted in 
various important improvements in the methods of investigat- 
ing instrumental errors, such as the collimating telescopes, the 
mercury collimator, &c., which have already been fully treated 
of in the preceding pages. The apparent direction of the mark 
will be that of the line joining the optical centre of the lens 
and the mark. At Pulkowa, the lens for this purpose is placed 
on a pier within the transit room, and has the extraordinary 
focal length of about 556 feet,* which is, therefore, the distance 
of the mark from the pier. The mark consists of a circular 
aperture ;, of an inch in diameter, in a metallic plate, presenting 
in the telescope a planetary disc of only 2’’ in diameter, which 
can be bisected by the thread of the telescope with the greatest 
precision. The merit of such a mark depends on the stability 
of the two points, the mark and the lens, which determine the 
direction of its optical line. These points, mounted as they are 
upon solid stone piers, are not liable to greater relative changes 
than the piers of the telescope itself, and therefore the changes 
of direction of their optical line will be less than those of the 
telescope in the proportion of the focal length of the lens to the 
length of the rotation axis of the telescope, which in this case 
was as 556 feet to 3.61 feet, or as 154:1. Now, according to 
Srruve,t the diurnal changes in the direction of the axis of a 
well mounted transit instrument are seldom more than one or 
two seconds of arc; but z4, of a second of arc is a quantity abso- 
lutely imperceptible even in the best transit telescopes. Two 
marks of the same kind were used by Srruvz, one north and 
the other south of the telescope, and they served not only as 
meridian marks, but as collimators according to the method of 
Art. 145. 

In the same manner, one of the collimators of the Greenwich 
transit circle is used as a meridian mark, although it is within 
the transit room. In this case, the advantage gained is com- 
paratively small. 

It is not necessary that the mark be precisely in the meridian 
of the instrument. It is sufficient if it is so near to it that its 
deviation in azimuth can be measured with the telescope micro- 
meter. Let A be its azimuth west of north. Direct the telescope 
to it, and measure its distance m from the middle thread, giving 


* Description de V Observatoire de Poulkova, p. 126. 7 Ibid. p. 128. 
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the measure the positive sign when the mark, as seen in the 
field, is to the apparent west of the thread; then, a being the 
azimuth constant of the telescope determined by stars, and c the 
collimation constant, we have 


A=a—m—c (125) 


So long as the values of A thus found appear to vary only within 
the limits of the probable errors of observation, their mean is to 
be taken as expressing the constant position of the mark, and 
during this period the azimuths of the transit instrument will be 
found at any time by the formula 


a=A+m+e 


If the instrument is reversed and the micrometer distance of 
the mark west of the middle thread is now m’, we have 


a=At m—e 
which, combined with the former equation, gives 


a=A+tm +m’) \ (126) 


¢ =t(m' — m) 


which last equation gives ¢ with its proper sign for the first posi- 
tion of the instrument. 


PERSONAL EQUATION. 


160. It is often found that two observers, both of acknowledged 
skill, will differ in the time of transit of a star observed by “eye 
and ear,” by a quantity which is nearly the same for all stars. 
Such a constant difference does not necessarily prove a want of 
skill in subdividing the second according to the method of Art. 
121, but may proceed from a discordance between the eye and 
the ear, which affects the judgment as to the point of the field to 
which the clock beats are to be referred. Thus, if 
a and b, Fig. 44, are the true positions of a star at 
two successive beats of the clock, we may suppose 
the observer to allow a certain interval of time to 9 @ Oe 
elapse after each beat before he associates it with the 
star’s position (possibly in some cases he may antici- 
pate the beat): so that he refers the beats to two different points 
«' and b’, whose distance from each other is, however, the same 


Fig. 44. 


190 TRANSIT INSTRUMENT IN THE MERIDIAN. 


as that of a and b. The ratio in which the distance a/b’ is divided 
he may still estimate correctly. 

The distance between a and a’ may be called the absolute per- 
sonal equation of the observer, and, if it could be determined, 
might be applied as a correction to all his observations. But, so 
long as his observations are not combined with those of another 
observer, the existence of such an error cannot be discovered; 
nor is it then of any consequence. For the process of deter- 
mining the right ascension of an unknown star consists essen- 
tially in applying to the right ascension of a known star the 
difference of the clock times of the transit of the two stars (cor- 
rected for instrumental errors and rate), and this difference will 
evidently be the same as if the observer had no personal equation. 

In order to combine the observations of two individuals—for 
example, to deduce the right ascension of an unknown star 
whose transit is observed by A, from the time of transit of a 
known star observed by B—it is necessary to know the difference 
of their absolute equations,—7.e. their relative personal equation. 
Thus, if the times observed by A are later than those observed 
by B by the quantity H, then B’s observations may be reduced 
to A’s (that is, to what they would have been if observed by A) 
by increasing them all by E. 

The relative personal equation may be found by the following 
methods : 

First Method.-Let one observer note a star’s transit over the 
first three or four threads, and the other observer its transit 
over the remaining threads. Reduce the observations of each 
to the middle thread (or to any assumed thread) by applying the 
known equatorial intervals multiplied by secd. The difference 
between the mean results for the two observers will be a value 
of their required personal equation. The mean of the values 
found from twenty or thirty (or more) such observations will be 
adopted, provided the probable error of such a determination (as 
found from the discrepancies of the individual results) is not 
greater than the equation itself; in which case the difference 
between them should, of course, be regarded as accidental, and 
the use of a constant equation would introduce error instead of 
eliminating it. This remark may be necessary to guard inexpe- 
rienced observers against an incautious adoption of an equation 
derived from insufficient data. We may also remark here that 
constant personal equations are more apt to exist between trained 
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observers than between inexperienced ones, the former having 
by practice acquired a fixed habit of observation. 

Second Method.—The preceding method is liable to the objection 
that as the second observer takes the place of the first in a some- 
what hurried manner, his usual habit of observation may be 
disturbed. To obviate this, let each observer independently 
determine the clock correction by fundamental stars; then the 
difference of these corrections, both reduced for clock rate to the 
same epoch, will be the personal equation. The equation thus 
found involves the errors of the stars’ places and of the clock 
rate. The first will be inconsiderable if only fundamental stars 
are used, but may be entirely eliminated by the observers’ ex- 
changing stars on a following day and taking the mean of the 
two results. The effect of error in the rate will be insensible if 
the stars are so distributed that the means of the right ascensions 
of the stars of the two groups employed by the two observers 
are nearly equal. 

Third Method.—An equatorial telescope is sometimes used for 
the purpose, as follows. Two transit threads of the micrometer 
are adjusted in the direction of a declination circle, and the tele- 
scope is directed towards a point in advance of any star not far 
from the meridian, and clamped. The observer A notes the 
transit of the star over the first thread, and the observer B the 
transit over the second thread. The telescope is then moved 
forward again in advance of the star, and clamped. The ob- 
server B now notes the transit over the first thread, and A the 
transit over the second thread. This gives one determination 
of their personal equation; for, putting # = the reduction of 
B’s observation to A’s, and J = the interval of the threads for 
the observed star, M and M’ the observed intervals, we have 


tee W=—I—-# 
whence 


This process being repeated a number of times, M will be the 
mean of all the intervals when A begins, and M’ the mean of 
those when B begins. 

This method is also open to the objection that the observers 
succeed each other so rapidly that their usual habit of deliberate 
observation is likely to be disturbed. Moreover, if their per- 
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sonal equation is required to reduce their observations made 
with a transit instrument, it should be determined with this in- 
strument; for it is possible that the equation may not be the 
same with instruments of different powers. 

The same clock, also, should be used in determining the per- 
sonal equation that is used in the observations, for it is very 
probable that the peculiarity of the clock-beat affects the equa- 
tion.* 

It is one of the advantages of the American (the electro-chro- 
nographic) method of recording transits that the personal equa- 
tion is very much reduced: still it is not wholly destroyed. The 
same methods may be employed to determine its amount as 
when the observations are made by eye and ear. 

It may also be remarked that not only should the same tele- 
scope and the same clock be employed in determining the per- 
sonal equation, as in the observations to which it is to be 
applied, but also the observer’s general physical condition should 
be as nearly as possible the same. Even the posture of the body 
has been found to have some effect upon the observer’s estimate 
of the time of transit; and it can hardly be doubted that the 
personal equation will fluctuate more or less with the observer’s 
health, or the condition of his nervous system. 

That the personal equation depends upon no organic defect 
of either the eye or the ear, but upon an acquired habit of ob- 
servation, seems to follow from the fact that it is usually greatest 
in the case of the most practised observers. In 1814 there was 
no personal equation between those eminently skilful astrono- 
mers BesseL and Srruve; but in 1821 they differed by 0°.8, 
and in 1823 by a whole second; a progressive increase indicat- 
ing the gradual formation of certain fixed habits of observation. 
So far from invalidating the results of either observer, this fact 
would indicate that their absolute personal equations were in all 
probability very constant for moderate intervals of time, and 
therefore had no appreciable effect upon their results so long as 
these results did not depend upon a combination of their obser- 
vations with those of other observers. 


* Bussex found that with a chronometer beating half seconds he observed transits 
0*.49 later than with a clock beating whole seconds. 
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PERSONAL SCALE. 


161. Prof. Perrcn has called attention to the fact that expe- 
rienced observers often acquire a fixed erroneous habit of esti- 
mating particular fractions of the second. Thus, when a star is 
really at 0°.3 from a thread, one observer may have a habit cf 
calling it 0°.4, while another may incline rather to 0°.2; or, again, 
when the fraction is less than 0.1, one invariably takes 0.1, while the 
other as invariably neglects it and puts 0.0. Thus each observer 
is conceived to have his own personal scale for the division of the 
second. 

In a very large number of individual transits over threads by 
the same observer, there is, according to the doctrine of proba- 
bilities, the same chance for the occurrence of each of the deci- 
mals .0, .1, .2, &c., if the observations are perfectly made, or if the 
errors of the observers are purely accidental ; otherwise, one or more 
of these decimals will occur more frequently than the rest. 
Hence, by simply counting the number of times each decimal 
occurs in a very large number of observations by the same 
observer, the personal scale of this observer may be determined. 

It is easily shown that the effect of an erroneous personal 
scale is to increase or diminish the mean result of a large 
number of observations by a constant quantity. For example, 
suppose that in 1000 observations of a certain observer the frac- 
tion 0.3 appears but 20 times, while 0.4 appears 180 times, and 
that each of the other fractions appears 100 times. Then, since 
each fraction should appear 100 times, the mean of any large 
number of observations by this observer will probably be too 
great by the quantity 


(0.4 < 180 +. 0.8 x 20) — (0.4 x 100 + 0.8 x 100) 


= 0.008 
1000 


The effect, therefore, being constant, will be combined with 
the personal equation determined from a large number of obser, 
vations, and may be regarded as always forming a part of it. 
Hence it follows that the application of the personal equation, 
which involves the errors of the personal scale, does not neces- 
sarily eliminate the observer’s constant error from each observa- 
tion, but that it probably does eliminate it from the mean of a 
large number of observations. 


Vou. II.—13 
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PROBABLE ERROR OF A TRANSIT OBSERVATION. 


162. That part of the error in the observed time of transit of 
a star which is independent of the personal equation and other 
constant errors, and is irregular or accidental, may be distin- 
guished as the probable error; and it will be the only error of 
observation which will affect the final result, if the observations 
of two observers are not combined. It may be determined for 
each observer by comparing the several values of the thread 
intervals given by his observations. Let 


I =the observed interval of two threads whose equatorial 
interval is 7; 


then, since we should have 7 = J cos 0, each observation furnishes 
a value of 7; and from a great number of values the probable 
error r of each single determination is deduced by the formula* 


7 = 0.6745 Ae 
iO) == Al 


in which the values of v are the residuals found by subtracting 
the known value of 7 from each value found from observation, 
and m is the number of observations. 

Now put 


e = the probable error of the observed time of transit of an 
equatorial star over a thread ; 


then, since the time of transit over each thread is affected by 
this error, we have 

ONS ea 
whence 


ia 2) 
© = 0.6745 | Ty 


Exampie.—From the transit observations made by Mr. Exuis 
at the Greenwich Observatory in 1843, the observed intervals 
between the successive threads (i.e. from Ist to 2d, from 2d to 8d, 
&c.) were found as in the following table: the true equatorial 
intervals being those given in the fourth column. The difference 


* Appendix, Art. 17 
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between the computed and the true equatorial interval (v} is 
given in the fifth column, and the last column gives 2. 


Sy 
Observed |Computed|} True 
1848. v vy 
if i=Tsec 0 a 
March 8. 13°8 | 12%.79 | 12°89 |—0*10] 0.0100 
¥ Tauri 13.8 79 76 |+ 08 9 
6 = + 22°27" | 14.0> 93 87 | 06 36 
" 14.0 93 91 }+ .02 4 
| 137 66 BS | 20 22: 484 
13.6 57 865) 29 841 
13.8 85 (e904 ean Od 16 
+ Tauri 13.8 85 76 | .09 81 
&=— 4 21°21’ | 13.9 94 Bye iyi 49 
13.9 94 91 [+ 08 9 
13:8 85 68 08 9 
137 76 SOO 100 
13.7 65 i901; |) 24/10 pre 
pw. Geminor. 14.0 93 16 |+ 17 289 
d= + 22° 35’ | 14.0 93 87 |-+ .06 36 
14.0 93 Ota 02 4 
13.9 84 Sale 2.04 16 
13.8 74 ere C4 144 
= 13, 2(v?) = 0.28038 


Hence we find, by the above formula, 
e=— 01.06 


Taking a much greater number of the observations made by 
Mr. Extis of stars from the 3d to the 5th magnitude, I found 
e = 0°.056, which is probably smaller than will be found for 
most observers. In the case of another well trained observer, I 
found ¢ = 0°.08. 

In the same manner, from a large number of Mr. EL.ts’s ob- 
servations of the moon I found his probable error in observing 
the transit of the first limb over a single thread to be 0°.074, and 
for the second limb 0°.071. In the case of another observer, I 
found for the first limb 0°.078, and for the second limb 0°.094. 
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If we assume, then, that for moderately skilful observers 
¢ = 0°.08 for a star, the probable error of the mean of the ob- 
servations over seven threads will be 0°.08 + 7/7, or only 0°.030, 
the star being in the equator. For the declination 0 the pro- 
bable error ali be 0°.03 sec 0. 

The probable error thus found is the accidental error, com- 
posed of the error of the observer in estimating the eatane of 
a second (including the errors of his personal scale), and of the 
error arising from unsteadiness of the star; but it must not be 
taken as the measure of the degree of precision in the deduced 
right ascension or time.* 


163. The error of the right ascension derived from a single 
complete transit is composed of the following errors: 


Ist. The undetermined instrumental errors, depending upon the 
errors in the determination of the constants a, b, and ¢c; 

2d. The errors of the assumed clock correction and rate; 

3d. The error arising from irregularity of the clock ; 

4th. The error in the observer’s personal equation, arising from 
an imperfect determination of the equation, or from fluctua- 
tions in its value, depending on the observer’s physical and 
mental condition ; 

5th. The accidental error of observation, composed of the ob- 
server’s error in estimating the fractions of a second, and of 
errors arising from unsteadiness of the star ; 

6th. The error arising from an atmospheric displacement of the 
star, which may possibly be constant during the transit over 
the field of the telescope, and may be called the culmination 
error. 


We may form an estimate of the total effect of all these 
sources of error by examining the several values of the right 
ascension of a fundamental star deduced from different culmi- 
nations, and reduced for precession and nutation to a common 
epoch. Thus, there were found from the different observations 
of the transit of a Arietis, in the year 1852 at the Greenwich Ob- 
servatory; the following values of its mean right ascension on 
Jan. 1, 1852. Putting a = 1 58” 50° + 2, the values of x were— 


* In this connection see the remarks of Bressex in the Berlin Jahrbuch for 1823. 
p. 166. 
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x 2 x x 
0°.40 08.384 08.59 08.37 
A4 31 42 34 
39 A2 42 34 
39 A5 46 9 
42 O38 33 24 
40 39 32 31 


The mean is x = 0°.40; and from the differences between this 
mean and the several values of x we deduce r = 0°.057 as the 
probable error of a single determination of the right ascension 
of this star. In the same manner, I find from the observations 
of 7 Ceti during the same year r = 0°.063, and for a Urse Majoris 
ry —0°.131. If these be multiplied by the respective values of 
cos 0, we have 9*.053, 0°.063, 0°.063, the mean of which, or 0°.06, 
expresses nearly the probable error of a single determination of 
an equatorial star with the transit circle of the Greenwich Ob- 
servatory in 1852. A larger number of stars should be ex- 
amined to determine this error with certainty; but the above 
will suffice to illustrate the mode of proceeding. It must not 
be forgotten, however, that this instrument is never reversed, 
and all its results may be affected by small constant errors 
peculiar to the several stars. 

If we denote the probable error of observation, or the 5th of 
the above enumerated errors, by ¢, and the combined effect of 
all the rest by ¢,, we have 


7? — 2 + é? 


whence, taking 7 = 0°.06, and ¢ = 0°.03, as above found, we 
deduce ¢, = 0°.052: so that if e were reduced to zero—that is, 
if the observations were made perfecily—the right ascension 
determined by a single transit would be improved by only 0°.01. 
Hence it follows that an increase of the number of threads for the 
purpose of reducing the error of observation would be attended by no 
important advantage. 
Bzssex thought five threads sufficient. 


164. We see from these principles that the weight of an ob- 
served transit is not to be assumed to vary as the number of 
threads, as it would do were there no culmination error or un- 
known instrumental errors. For practical purposes it will be 
sufficient to regard the probable error of a transit as composed 
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only of the error of observation and the culmination error. The 
latter will then be the quantity denoted above by ¢,; and, if we 
now put 


e = the probable error of a transit over a single thread, 
n = the number of threads observed, 
r = the probable error of the observed right ascension, 


we shall have 


re: 
(ene - 
A siete 


If then we also put 


£ =the probable error of an observation whose weight is 
unity, 
= the weight of the given observation, 


we shall have, according to the theory of least squares, 


sid (127) 


The unit of weight is arbitrary, and hence £ also is arbitrary. 
If N is the total number of threads in the reticule, and a complete 
observation on them all is to have the weight unity, we shall 
have 


eo 
k?— 6? + yv 


and the formula will become 


p= (128) 


If we substitute the values e, = 0.052, ¢ = 0.09, which are suffi- 
ciently accurate for an approximate estimation of the weights of 
observations, we shall find, very nearly,* 


Sea (129) 


—- 


* See also Vol. I. Art. 236, where a slightly different formula is obtained. 
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_ This will be avery convenient formula in practice in cases 
where there is no reason to depart from the above assumed values 
of ¢,and«. The observer who has determined these quantities 
for himself will, of course, employ (128) directly. 

It may be useful to illustrate, by the aid of this formula, the 
proposition announced at the end of the preceding article. If 
N=7 and H= 0°.062, the weights and probable errors of obser- 
vations on one or more threads will be as below: 


# 
di 0.36 08.104 
2 0.57 0 .082 
3 0.71 0 .073 
4 0.82 0 .069 
5 0.90 0 .065 
6 0.95 0 .063 
is 1.00 0 .062 
25 1.25 0 .055 
oO 1.48 0 .052 


We see that the advantage of seven threads over five is almost 
insignificant, and BrssEu’s opinion is confirmed. 


165. The probable error of a single transit of a star recorded 
by the electro-chronograph does not appear to be much less 
than that of one observed by eye and ear by experienced ob- 
servers ;* but it must be remembered that it takes but a short 
time to acquire the requisite skill in the use of the chronograph, 
while the small probable errors by eye and ear above adduced 
are evidences of long training. The personal equation, however, 
is much less in the use of the chronograph, and probably 
more constant. It is not unlikely that a considerable portion of 
the total error of a determination of right ascension, as above 
found, is the result of variations in the observer’s personal equa- 
tion; and, if so, the substitution of the chronograph for eye and 
ear will carry these determinations to a still more remarkable 
degree of accuracy. 


* See Dr. B. A. Gounp’s Report in the U.S. Coast Survey Report for 1857, p. 307. 
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APPLIC4STION OF THE METHOD OF LEAST SQUARES TO THE DETER- 
MINATION OF THE TIME WITH A PORTABLE TRANSIT INSTRUMENT 
IN THE MERIDIAN. 


166. In the use of the portable transit instrument in the field, 
it is not always possible to mount it so firmly that its azimuth 
and level can be absolutely relied upon as constant for a whole 
day. Frequently it is necessary to take all the observations at 
a given place within a few hours. We must then observe such 
stars as are available at the time, and so conduct the observations 
and their reduction as to obtain the most probable result. 

First, as to the observations.—The instrument having been 
brought very near to the meridian (see Art. 125), a number of 
stars must be observed in both positions of the rotation axis, 
and, in general, about the same number of stars in each position. 
Among these must be included at least one circumpolar star, 
and, if possible, two or three, one or more being below the pole. 
The level should be observed at the beginning and end of the 
series, and before and after each reversal of the axis. 

Secondly, as to the computation.—We assume that the thread 
intervals have been well determined, as also the value of a 
division of the level. If they have not been found before the 
observations, they must, of course, be determined subsequently, 
only observing that no change of the instrument has occurred 
which might change the value of the thread intervals. The 
mean of all the level determinations should be adopted as 
the constant value of 6 for all the observations, unless the dif- 
ferences of the several values are greater than the probable 
errors of observations made with the particular spirit-level used, 
in which case it will be better to interpolate a value of 6 for 
each star from the actually observed values. The chronometer 
time 7’ of transit over the middle thread or the mean thread 
being found for each star by employing the thread intervals when 
necessary, we shall suppose that observation has furnished only 
T and b for each star. The rate dT of the chronometer is also 
supposed to be approximately known. The constants a and ¢, 
and the clock correction a7, are then to be found by a proper 
combination of the observations. Let us put in formula (87), for 
each star, 

A = the azimuth factor = sin (g — 4) sec 94, 
B = the level factor = cos(¢g — 0)see 4, 
C = the collimation factor = sec 6; 
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also, let each observation be reduced to some assumed time 7), 
and put 
4 T,= the chronometer correction at the time T,, 


whence 
SI AT Or (PT) 
Let 
% — an assumed approximate value of a 7, 
A% = the required correction of 
so that 


84+ Ak=— aT, 
then the formula (82) becomes 
eS to ab err —T) + Aa Bb + OG 


in which every thing is known except the small quantities ad, a, 
andc. If we now put* 


PP seer LT) YS Rb 
w= 3 —(a —f) 


then, since a — ¢ and # are each nearly equal to the clock cor- 
rection, w is a small residual, and the equation is 


Aa Cos we 0 (180) 


Each star gives an equation of condition of this form, and from 
all these equations the most probable values of a, ¢, and a’ will 
be found by the method of least squares. The sign of the term 
Ce will be changed when the axis of the instrument is reversed. 

If the observations are extended over a number of hours, it 
will not always be safe to assume that the azimuth a has been 
constant during the whole time. We may then divide the obser- 
vations into two groups, in one of which the azimuth will be 
denoted by a and in the other by a’. The normal equations, 
formed by combining all the equations in the usual manner, will 
then involve the four unknown quantities a, a’, c, and ad. 

To determine the mean error of the resulting value of ad, it 
must be remenibered that when a and c have been eliminated by 


* For greater precision (not always required in the use of a portable instrument), 
we may allow for the diurnal aberration. Since o requires the correction + 0*.021 
cos ¢ sec 0, we have merely to take 


t= T+ 67 (T—T,) + Bb — 0.021 cos¢ sec d 
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successive substitution, taking care to introduce no new factor 
into the equations, the coefficient of ad in the resulting final 
equation will be the weight p of the value of a’? thus determined.* 
Then, substituting the values of a, ¢, and a’ in the equations of 
condition, and denoting the residual in each by v, we have the 
mearf error of a single observation by the formula 


[= 


Mm —p 


— 


in which [vy] = the sum of the squares of the residuals, m = the 
number of observations, and #»=—the number of unknown 
quantities. 

The mean error of av and a7, will be 


VE: 
and if we wish the probable errors, we multiply the mean errors 
by 0.6745. 

If any residuals are so large as to throw a doubt upon the 
observations, such doubtful observations may be examined by 
Puircez’s Criterion. 

If an observation consists of transits over only a portion of the 
threads, it may be well to give it a diminished weight, multiply- 
ing its equation of condition by the square root of the weight 
found by (129). 

If the collimation constant c has been previously determined, 
we have only to include the term C¢ in the quantity ¢; thus, 
putting 

iT ATT TG Bb aCe 
w= 8 —(a — ft) 


the equation for each star will be 
AG ENO 0 (181) 


and the determination of a and a? from these equations is then 
exceedingly simple. 


HxampLe.—The following observations were taken on the 
United States North-Western Boundary Survey with a portabie 


* See Appendix. } See Appendix, Arts. 57-60. 
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transit instrument in the meridian. The stars were mostly 
selected from the British Association Catalogue, and are con- 
veniently designated by their numbers in this catalogue. But 
their apparent places have been derived from the more reliable 
authority the Greenwich Twelve Year Catalogue. The apparent 
place of a Urse Majoris is derived from the American Ephemeris. 
Other stars from the British Association Catalogue, observed 
on the same evening, have been excluded because they are not 
given in the later catalogues. 


Camp Simiahmoo.—1857, July 27. Latitude 49° 0’ N. 


| Threads, 
No. Star. B Mean. Level. 
I II || Vi Vi VE | Vie 

1|B. A.C. 6890 W./15%.3)48*.6/129.3/40#.8] 9%.2/3879.9| 68.2/22% 4m 40s.76/+ 02.75 
2 “6484 CONT 2 15 .2/88 .8] 2.38/26 .8/50 .1/22 10 38.68 “s 
3 “6 6441 ‘¢ 128 .8)/47 .8)11 .3/35 .3/58 .6/22 .6/46 .3/22 11 35.10 ee 
4 “6489 se 121 .3/46 .8/12 .5/387 .8] 2.8 22 18 37.58 ce 
5 “© 6886 “< 130 .8/83 38/88 .2/42 .0 23 13 41.63 és 
6 ct OG E./52 .3}48 .2/43 .9 23 13 40.49,— 0.70 
ff ‘6 8282 S. P.| ** 182 1186 .9148 .2/49 .4/54 .5|59 .9] 5.9] 0 46 48.84/— 0.51 
8 ss = 8346 S. P.| ** 189 ..7/22 .7| 7 .0|50.1)383 .6]/16 .9] 0.8} 1 5 50.04;,— 0 .48 
9 “7686 “ 158 .1/40 .0/26 .7/13 .9] 0.7/48 6/85 .8] 1 22 14.04)— 0.44 
10 G3 PCTs: “148 .8]} 8.9/29 .2/49 .4/10 .3/80 .8/51 .2! 1 384 49.73!— 0 .42 
11 “6 3647 S. P.| ** |26.8/20.7/17 .5]/11 .8] 7.3} 1.9|57.0) 1 57 11.86)/— 0.38 
12|a Urs. Maj. S. P.| ‘* |82.7|19.8) 7.9155 .0/42 .6/30 .0]/17 .4| 2 19 55.06/— 0 .33 


The threads are numbered from the end of the axis at which the 
illuminating lamp is placed, and the seconds of the chronometer 
are recorded, not in the order of observation, but in the columns 
appropriated to the several threads. The column “ Mean”’ gives 
the time of passage over the mean of the threads, employing in 
the case of the defective transits the followmg equatorial inter- 
vals from the mean: 


z 


uy tg ty t 5 % ty 
+ 65°.82 + 445.05 + 219.84 == (2:08) == 222,00) ) 43 9e. — One sn 


where the signs are given for Lamp West. The column marked 
L gives the position of the lamp end of the axis. The value of 
one division of the level was 0°.105. Only one observation of 
the level was made during the observations “lamp west.”” Two 
observations of the level were made during the observations 
‘lamp east,” one near the beginning, the other near the end, of 
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the series, from which those given in the table are obtained by 
interpolation. 

Stars observed at their lower culminations are marked 8S. P. 
(sub polo). 

The chronometer was sidereal, and its rate was losing 0°.40 
daily. 

A first computation of the observations having shown that the 
observations lamp west and lamp east give very different results, 
the presumption is that in reversing the axis the observer dis- 
turbed the instrument, a supposition rendered still more probable 
by the change of level. It will, therefore, be proper to compute 
the observations upon the supposition of a different azimuth for 
the two positions of the axis. 

The apparent places of the stars on the given date were as 
follows: 


Star. a re) 


BAY C.6390) 118" 39" ss.7 1 + 39° 381’ 


uy) 64384 | 18 45 385.70 — 22 55 
Ke 6441 | 18 46 31.9] — 22 51 


« 6489 | 18 58 34.36 | —30 5 
« 68386 | 19 48 41.61 | + 69 53 
« 3932 | 9 21 46.76 | +70 29 
« 3846] 9 40 48.22 | +59 44 
so 7686 al) Si ad4 44a eine 228 
« “T7T8<| 22° 9 49.07 =| =. Sbe18 
416) 8647710 182909078 I 166,80 
a Urs. Maj. 10 54 58.21 | + 62 31 


The observed times of transit are to be reduced for the chro- 
nometer’s rate to some common epoch, which we shall here 
assume to be 7)— 0" by the chronometer. The assumed correc- 
tion of the chronometer at this time will be 


& = — 8" 25” 0s. 


The formation of the equations of condition for the first and 
last stars is as follows: 
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IEAM L. E. 
B. A. C. 6890. a Urse Maj. S.P. : 
nO) + 39° 31’ LTT° 29! 
g—od + 9 29 — 68 29 
log sec 6 0.1127 n0.3358 
log cos (¢ — 9) 9.9940 9.5644 
log sin (g — 6) 9.2169 n9.9686 
log cos (g — 0) sec 6 = log B 0.1067 n9.9002 
log sin (g — 6) sec 6 = log A 9.3296 0.3044 
A + 0.214 + 2.016 
SOC oO ==i-C + 1.296 — 2.166 
b + 05.08 + 0.03 
Observed mean | 22" 4” 40°.76 2% 19” 55°.06 
Rate to 0* — 0.05 + 0.04 
Bb + 0.10 + 0.02 
Diurnal ab. = — 0°.021 cos ¢ sec 6 — 0.02 + 0.03 
t| 22 4 40.81 2 AD 255s65 
#18 89. 38.71 | 22 54\53-21 
a—t|—3 25 2.10 |—3 25 1.94 
Assumed #/—3 25 0. —3 25 0. 
Ww + 2.10 + 1.94 


Denoting the azimuth of the instrument for L. W. by a, and 
that for L.H. by a’, and changing the sign of ¢ for L. #., the 
equations of condition for these two stars are, therefore, 


+ 0.214 a + 1.296 ¢ + a& + 2°10 —0 
+ 2.016 a’+ 2.166 ¢ + a’ +1.94—0 


The equations for the other stars being found in the same 
manner, we have then: 


1. 


Seo Ce tS 


+ 0.214a@ + 1.296¢ + 
+ 1.0382 a + 1.086¢ + 
+ 1.081a@ + 1.085¢ + 
+1.185a + 1.156¢ + 
— 0.732 a + 2.056 ¢ + 0.707 
— 0.732 a’ — 2.056¢ + 0.707 


i Se OE) = 
Av = 2 oO 0 
Adv + 3.17 =0 
av t+ 3.19= 0 
ie) SIE (0) 105) = 1) 
Av —=0.97 — 90 
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7. + 2.606 a’ + 2.9938¢ + ad + 2.22 = 0 
8. +1.879a + 1.984¢ + a¥+1.91—0 
9. — 1.822 a’ — 3.819¢ + as’ — 0.58 = 0 

10. — 0.229 a’ — 1.802¢ + av + 0.58 —0 

11. + 2.264 a’ + 2.508 ¢ + a’+ 2.18 =—0 

12. + 2.016 a’ + 2.166¢c + a’ + 1.94 =—0 


where the 5th and 6th equations have been multiplied by 1/3, 

thus giving each but one-half the weight of an ordinary obser- 

vation, because the star was observed on but half the threads.* 
The normal equations are 


8.998.a + 0 + 232%5¢+ 2.89408 + 10.283 —0 

0 + 21.848a' + 27.881¢ + 6.697 a9 + 19.569 = 0 
2.325 a + 27.88la’ + 51.969¢ + 9.153 a9 + 36.352 — 0 
2.894a + 6.6970’ + 9.153c + 11.000 ad + 19.090 = 0 


from which we find 


a = — 1.681 
a’ = — 0.083 
¢ = — 0.428 
As — — 0.891 with the weight p — 6.775 


This example is instructive in several respects. The instru- 
ment was reversed upon the star B. A.C. 6836 for the purpose 
of deducing the value of c. But, upon the supposition that the 
azimuth remained unchanged during the reversal, we find 
c = — 0°.267. The danger of disturbing the instrument in re- 
versing the axis is, of course, greater with small instruments, 
and always requires great caution. Again, the observer neglected 
to observe the level immediately before and after the reversal, 
the values of 6 given in the table being inferred from observa- 
tions taken at the time of the transits of Nos. 1, 7, and 11. If 
the level had been observed more frequently, as it should be, 
the disturbance of the azimuth might have been suggested to the 
observer himself, who, however, appears not to have suspected it. 

But we shall obtain still further instruction from this example 
by substituting the values of a, a’, c, aé in the original equa- 
tions of condition. The residuals v will exhibit to us the ano- 
malous observations. We find: 


* To proceed more accurately, we should have computed, by (129), the weights of 
the four defective observations, the 2d, 4th, 5th, and 6th. We should have found 
the weights 0.95, 0 89, 0.82, 0.71 respectively. 
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No. v vv 
i + 0°.302 0.0912 
2. — 0.125 .0156 
3. + 0.086 0074 | 
4, — 0.098 .0096 
5. — 0.120 .0144 
6. — 0.669 AATS 
im — 0.153 .0234 
8, + 0.024 0006 
9. + 0.048 0018 

10. + 0.470 2209 

11. + 0 .040 .0016 

12. — 0.034 0012 


[vv] = 0.8352 
Hence, the number of observations being denoted by m = 12, 
and the number of unknown quantities in our equations by 
fs = 4, we have the mean error of an observation of the weight 
unity, 


ee (EL eere: 
nv — pe 
The large residuals of Nos. 6 and 10 point them out as probably 
anomalous; but, before rejecting them, we will apply PErrcr’s 
Criterion. Since Table X. is adapted only to the cases of one 
and two unknown quantities, we shall have to employ Table X.A. 
Commencing with the hypothesis of but one doubtful observa- 
tion, we assume for a first trial x = 1.5. 


ist Approx. 2d Approx. 

m—12,n0=4,n=1 “ 15 1.78 
Table X.A. log T 8.5051 8.5051 
“«  « log R 9.3973 9.3464 
log % 9.1078 9.1587 

74) es ed 2 ay 
a log # = log 9.8378 9.8470 
= ar O81 0.2970 
eee A )- 21819 2.0790 
H v2 3.1819 3.0790 

1.78 1.76 


we = 0°.568 
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The residual 0.669 surpasses the limit 0°.568, and hence the 
6th observation is to be rejected. We must then pass to the 
hypothesis of two doubtful observations, for which we com- 
mence by assuming x — 1.5, and then with n=2 we find 
% = 1.49, xe = 0°.481. Hence the 10th observation is not to be 
rejected. Thus the only observation to be rejected as anomalous 
is the 6th; and our hypothesis of a disturbed state of the instru- 
ment produced by reversal is confirmed. 

If we now form normal equations from the remaining eleven 
equations of condition, we shall find the values of the unknown 
quantities to be 


a= — 1°.636 

a = — 0.092 

= — 0.367 
As = — 0.999 with weight p = 5.963 


and these values substituted in the equations of condition give 
the residuals and mean errors as follows: 


No v [vr] 
1. + 0°.276 0.0762 
2. — 0.126 .0159 
3. + 0.086 O0T4 
4. — 0.089 0079 
5. — 0.114 .0130 
7. -— 0.120 0144 
8. + 0.010 0001 
9. — 0.2389 0571 

10. + 0.264 0697 

Te 200051 0026 

12. — 0.040 0016 

m—p=T [vv] = 0.2659 

See ee een Oi: 


The 10th observation is now well represented, and the Crite- 
rion does not reject any of them. 
The mean error of a? is 


and the probable error 0° 05. 
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Hence we have, finally, the chronometer correction at 0*, 


AT, = 8 + af = — 3° 25" 15.00 + 09.05 
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167. The formule (78) and (79) apply to any position of the 
instrument. When the instrumental constants m and are known, 
or when a and 6 are given, from which m and n can be found by 
(78), the formula (79) determines the apparent east hour angle 
zt of the observed object at the time of its trarfsit over any 
given thread whose distance from the collimation axis isc. The 
constants are found by combining observations of stars near to 
and remote from the pole, as will be illustrated hereafter. 
When the transits over several threads have been observed, 
each may be separately reduced by the general formule; but it 
is necessary also to have the means of reducing them all toa 
common instant. I shall, therefore, here consider the most 
general case of an observation of the moon’s limb on any given 
thread, and investigate the formula for reducing it to the middle 
thread, or to the collimation axis of the instrument. This 
general formula will be applicable to any other object which 
has a proper motion and a sensible diameter. Let 


© —the sidereal time of the observed transit of the 
moon’s limb over the given thread, 
? = the equatorial interval of the thread from the middle 
thread, 
a, 0 =the true R.A. and decl. of the moon’s centre at the 
time O, 
a’, 0’ = the apparent R.A. and declination, 
s = the moon’s geocentric semidiameter, 
s’ = the moon’s apparent semidiameter. 


At the instant the moon’s limb touches the thread whose dis- 
tance from the middle thread is 7, the centre of the moon is at 
the distance 7 + s’ from the middle thread, and, consequently, at 
the distance ¢ + 7+ s’ from the collimation axis of the telescope. 
The apparent east hour angle of the moon’s centre at this 
instant is | 

T= 6 yO) 


Putting then ¢ + 7+ s’ for ¢ and a’ — © for tc in (79), we have 
Vou. IL.—14 
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sin (c + i + s') = — sin n sin 6’ — cos n cos 6’ sin (O — a’ + m) 
— — sin n sin 6’ — cos n cosm cos 6’ sin (O — a’) 
— cos n sin m cos 6’ cos(O — a’) 


where the apparent declination and right ascension are employed, 
since it is the moon’s apparent place which is observed. To in- 
troduce the geocentric quantities, let 


x — the moon’s equatoria! horizontal parallax, 
p, ¢’ = the earth’s radius and reduced latitude of the place 
of observation, 
4, 4‘'= the moon’s distance from the centre of the earth 
and the observer respectively ; 


then, putting 
A 
hiry. 


we find from Vol. I., equations (182), 
f cos 6’sin (O — a’) = cos dsin (O — a) 
f cos 5’ cos (O — a’) = cos 6 cos (O — a) — psinz cos ¢g’ 


f sin 6’ == sin.6 —psinzsin g’ 


Substituting these values, we obtain 


f(¢e+7+ s’)sin 1” = — sinnsin 6d -— cos n cos 6 sin(O — a + m) 
+ psinzsing’sinn + p sin zcos¢’ cosnsinm 
(132) 


The right ascension and declination are, however, variable, and 
we should introduce into the formula their values for some 
assumed epoch. Let this epoch be the sidereal time, ©,, which 
is the common instant to which the observations on the several 
threads are to be reduced. Let 


, 0) = the true right ascension and declination at the time 
8, 
Aa = the increase of the right ascension in one minute 
of mean time, 
4d = the increase of the declination (towards the north) 
in one minute of mean time, 


and put 
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[= 90, — O = the required reduction, 
Aa 
—— 
60.164 
60.164 


= the increase of a in 1° of sidereal time 


! 6 B q4 % 


then, if J is expressed in seconds of arc, we have 
a =a, — Al, 6 =) — 741 
© —a—9, — a,— (9, — 9) + (a4,—«a)=90,—a,—(1—ATI 


sin(O —a + m) = sin(O, — a + m) 
— (1 — A) cos[O, — a, + m—3(1 —A) J] 2 sine J 


[in which (1 — 4)sin } J is put for sin (1 — 4) 7] 


tf 


: : A ; 
sin 6 = sin See 1p ane sin 3 1 


hie : 
cos 6 = cos 6, + eee sin $I 


Substituting these values, our formula becomes (omitting a term 
multiplied by the exceedingly small quantity 3, 2’ sin? 3 J) 


J (e+i+s’)sinl”=— sin n sin 5, — cos n cos 6, sin (O, — a, + m) 
+ psinz sin g’sin n + p sin z cos ¢g’cosn sin m 

-+(1—/)cos n cos 6,cos [O,—a,-+-m—3(1--A) I] 2 sin 31 

7/54’ [sin n cos 0, —cosn sin 6,sin(O,—a,-+-m) ] 2 sin} 1 

(183) 


In this formula, we may consider J as the only quantity which 
varies with the time; for, although f, s’, and z vary slightly, their 
variations will not usually be sensible, or, if sensible for a single 
thread, their effect will disappear when the epoch is nearly the 
mean of all the observed times. 

If now O, is the time of transit of the moon’s centre over the 
great circle of the instrument, this formula gives 


0 = — sin n sin 6, — cos n Cos 4, sin (O, — a, + m) (184) 
+ psinzsin g’ sin n + psin z Cos ¢’ cos m sin m 


Subtracting this from (133), and, for brevity, putting 


t = 0, — a, + m 
Rk = sin n cos 6, — Cos n sin 6, sint 
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we find 
fl(e+i+s’)sin 1” 
(1 — 4) cos n cos 6, cos[t —4(1 — 4) I] + FV 


2 sin + J= 


This is equivalent to the formula given by Sawirscu (Pract. 
Astron., Vol. I. p. 803); but he has not observed that the expres- 
sion for R may be put under a much more simple form. In so 
small a term as +44’R, we need not consider the effect of the 
parallax upon the factor #; but when we neglect the parallax 
we have, by (134), 


0 = — sin 7 sin 6, — COS n Cos 6, 8in t 


Multiplying this by sind), and subtracting the product from 
f cos 0,, we find 
R cos 6, = sin n, or A = sin nsec 6, 


It is also to be observed that by the formula (246) of Vol. I. 


we have 
fs’ =s = the true semidiameter. 


Hence our formula becomes 


f(e + 7)sin 1” + s sin 1” 


2 sin ¢ [= : 
f (1 —A) cos n cos 4, cos [(— 3 (1 — A) J] + 75 4’sinnsec 6, 


(135) 


or, when J is small, as it usually is, 


aCe. 


oe (1—A2) cos n cos 46, cos [t— 3 (1 —2) 1] + 7, 7’sin n sec 6, 


(135%) 


This formula, then, gives the reduction of the observed time 
of transit of the moon’s limb over any given thread to the time 
of transit of the moon’s centre over the great circle of the instru- 
ment. 

If we omit s in the numerator of the second member, J 
becomes the reduction to the time of transit of the limb over the 
great circle of the instrument. 

If we omit fe + s, J becomes the reduction to the time of 
transit of the ‘imb over the middle thread. _ 

The factor f is determined rigorously by (187), Vol. I.; but it 
generally suflices to take 

__ sing 
sin ¢ 
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which is very nearly exact, according to (101) of Vol. I. The 
finder of the instrument will give the apparent zenith distance 
¢’, and the difference between this and the true zenith distance 
€ will be found with sufficient accuracy by the formula 


sin (¢’ — €) = p sinz sin (&’ — 7) 
in which, @ being the azimuth constant of the instrument, 
r= — ¢') cosa 


or, very nearly, 
= (¢ — ¢’) cos n cos m 


For the sun or a planet we can always put ’/ = 0 and €= 2’, 
and the formula becomes 
é+i+s 


[= (136) 
(1 — 4) cos n cos 0, cos (¢ — 41) 


For a fixed star, we further put 4 = 0,s = 0, i= ©,— a+ m, 
and the formula becomes for stars near the pole, 


(c + 7) sin 1” 


cos n cos 6 cos(t — 31) 


2 sin} I = (137) 
and for other stars, 


ioe Gale (137%) 
cos n cos 6 cos (t — 31) 


_In all cases, we must carefully observe the sign of J in the 
denominator of the second member. J will be negative when 
the observed time is later than the time to which the reduction 
is made, and then — 4J will be essentially positive. An approxi- 
mate value of J must first be found by neglecting Jin the second 
member, and then a more precise value by the complete formula. 
Tf the azimuth a and the level 6 are given, m and n must first 
be found by (78), in which, however, we may usually neglect 6 
when our object is merely to reduce the several threads to a 
common instant. 


168. For a fixed star, another formula has been given by 
Hansen. We have 


sin (c + 7) = — sin nsin 6 — cosn cos Osin (¢ — I) 
= — sin n sin 6 — cosn cos ésintcos 7+ cosn cos 6 cost sin I 
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If the reduction is made to the collimation axis, we have 
0 = — sin n sin 6 — cos n Cos 6 sin t 
which, subtracted from the above, gives 
sin (ce + 7) —2cos n cos 6 sin t sin? 3 [+ cos n cos 6 cos t sin I 
whence 


pi pases eC oye we (138) 
cos 2 COS 6 Cos Tt 


which is a rigorous formula. We see also that ¢ may be found 


by the formula 
sin ¢ — — tan n tan 6 (139) 


169. To deduce the moon's right ascension from an observed transit 
in any given position of the instrument.—We first find the clock time 
of transit of the moon’s centre over the great circle of the 
instrument, from each thread, by applying to the observed time 
the reduction given by the formula (185). Let J, be the mean 
of the resulting times, and a7, the corresponding correction of 
the clock; then we have ©, = 7, + a7), and from (184) we deduce 


sin g’tan n--cos g’sinm 


sin (O,—a,-+ m)=—tan n tan d,+psinz ( (140) 
COS 0, 
in which a and 0, are the true right ascension and ogee en 
at the a eal time ©). 
If it is preferred, we may first find the apparent right ascen- 


sion by the formula 
sin (O, — a,’ + m) = — tan v tan 6/ 


and deduce the true right ascension by applying the parallax 
computed by Art. 102, Vol. I; but it will then be necessary to 
compute the apparent declination 0,’. 

It will be easy to deduce from (140) the formula for the case 
where the instrument is in the meridian, which has already been 
given in Art. 154. 

The constants m and n, above supposed to be known, may be 
found from the transits of two stars as in the next article. 
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FINDING THE TIME WITH A PORTABLE TRANSIT INSTRUMENT OUT 
OF THE MERIDIAN. 


170. The number of Nautical Almanac stars near the pole is 
so small, that the observer in the field, when pressed for time, 
cannot always wait for their transits over the meridian, and 
must then either employ catalogue stars whose places are not so 
well determined, or have recourse to extra-meridian observations. 
If the transit instrument is mounted so as to be readily revolved 
in azimuth and clamped in any assumed position (as is the case 
with the “universal instruments’), it may be directed at once to 
a fundamental star near the pole, and then, its rotation axis being 
levelled, its collimation axis will describe a vertical circle not far 
from the meridian. The transit of any star over this circle being 
observed, the general equations of Art. 123 will enable us to find 
the hour angle of this star, and hence the time, when we have 
determined the constants m and n for the assumed position of 
the instrument. 

The stars best adapted for the purpose in the northern hemi- 
sphere are Polaris (a Ursce Minoris) and 6 Ursce Minoris, one of these 
being always near the meridian when the other is most remote 
from it; and it will be advisable always to employ that which is 
nearest to the meridian. In the southern hemisphere, the best 
star is ¢ Octantis, which is less than 1° from the pole; but, as it 
is of the 6th magnitude, it may be necessary, with small instru- 
ments, to use either 8 Hydri or 8 Chameleontis. 

To take the observation, make the axis approximately level, 
and turn the telescope upon the circum-polar star. The star 
moving very slowly, set the instrument, so that a few minutes 
must elapse before the star will cross the middle thread. During 
this interval, apply the spirit level and determine the constant 0. 
Observe the transit of the star over the middle thread by the 
chronometer. The instrument now remaining clamped in azi- 
muth, revolve the telescope upon its axis, and observe the transit 
of an equatorial star over all the threads. Then determine the 
constant 6 again, and employ the mean of its two values. 

In order to eliminate an error of collimation, the rotation axis 
1s to be reversed, and another similar observation is to be taken, 
the instrument being set at a new azimuth slightly in advance 
of the polar star as before. EKach observation of a pair of stars 
must, of course, be separately reduced. We may, however, 
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combine each transit of the polar star with the transits of several 
equatorial stars. 

The collimation constant should have been made as small 
as possible before the observations; but, in any case, we shall 
assume that its value is known. 

To reduce the observations, we must first find the constants 
which determine the position of the instrument. For this pur- 
pose, we use only the observations on the middle thread. Let 
then 7’ and 7'be the observed chronometer times of transit of 
the polar and equatorial star respectively over the middle thread, 
reduced for rate to an assumed time 7); and let a7, be the chro- 
nometer correction at this time; a’, a, the right ascensions, 0’, 0, 
the declinations; 7’, cr, the east hour angles, or reductions to the 
meridian; 90°— m, and n, the hour angle and declination of 
the point in which the rotation axis produced towards the west 
meets the celestial sphere; ¢ the collimation constant: then we 
have, by (79), 


sin (t — m) = tan n tan 6 + sin ¢ sec n sec 6 \ 141 
sin (r’— m) = tan n tan 0’+ sin ¢ sec n sec 0’ Coe 


in which we have 
ee Tee. 
Pee TAT) 


If we could put c = 0, these equations would give us m and n 
by a very simple transformation; but, retaining c, we can still 
reduce them to the form they would have if ¢ were zero.* For 
this purpose, let m’ and n’ be approximate values of m and n, 
determined by the conditions 


sin (tr — m’) = tan n’ tan 6 
sin (7’ — m’) = tan n’ tan 6’ 


from which we shall find n’ and then the correction to reduce it 
Toe leah 


$= 4 — 2) A=3(7'+7)—m 
then 7 is known from the observation, since we have 


emer Ch Gea Be AC) 18) (142) 


* This transformation is given by Hansen, Astr. Nach., Vol. XLVIII. pv. 115. 
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We havc then 


A—y=t—m Aty=7—m 
and hence 


sin (A — y) = tan n’ tan 6 sin(A + y)= tan n’ tan 0’ 
the sum and difference of which give 


2sin 4 cos y Cos 6 cos 6’= tan n’sin (0’ + 6) 
2cos4 sin 7 cos 6 cos 0’ = tan n’ sin (6’ — 0) 


If, therefore, we make 


Dan 1 22+ 9 
cos 7 
(143) 
pete ee) 
-f sin 7 


these equations will give us 4 and LZ, and then we shall have 


, 
tan n! = =o te (144) 


It is to be observed that a’ is always to be regarded as greater 
than 7’, and in finding 7 by (142) the difference a’ — J” is to be 
found by increasing a by 24” when necessary, but a — TJ'will be 
positive or negative. This makes 7 less than 180°, and, since 
A+ 7(=7'/— m’) must be less than 360°, it follows that 2 must 
also be less than 180°. Hence, £ will have the same sign as 
cosy, and n’/ will be negative when 7 > 90°. 

Now, we have tr — m = t — m’/-+ (m’— m), and, since m’ — m 
is very small, 


sin (tr — m) = sin (tr — m’) + sin (m' — m) cos (rt — m’) 
which, substituted in the first equation of (141), gives 


sin c = sin(t — m’) cos n cos 6 — sin n sin 6 
+ sin (n’— m) cos (r — m’) cos n Cos 6 


To simplify this, let us put 


trom which and the equation 


sin (tr — m’) = tan n’ tané 
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there follows also 
cos w = cos (t — m’) cosd 


for, if we add together the squares of the first and third of these 
equations, the sum is reduced by means of the second to the 
identical equation 11. By substituting the values of sin (z — m’), 
cos (rt — m/), and sin 0, which these equations give, in the expres- 
sion for c, it becomes 


sin ¢ = sin (n’ — n) sin w + sin (m’ — m) cos n Cos w 
In the same manner, if for the polar star we take 


fe tee Cl 
SIN 


; cos w’ = cos (r’— m’) cos 0d’ 
cos n 


we shall have 


sin c = sin (n’ — n) sin w’ + sin (m’ — m) cos n cos wl 


Combining these two values of sin ec, we have 


sin ¢ (cos w — cos w’) = sin (n’ — n) sin (w’ — w) 


whence 
sin (n’ — n) = sin eel sae) 
cos 3(w’ — w) 
Or, putting 7’ — n = v, 
sin 3 (w’ + w) 


cos 3 (w’ — w) 


(145) 


The angles w’ and w here required are found by the equations 


tan 0 6 
tan w/ = ee tan w = we (146) 


~ cos(A+-7) cosn’ cos (A — 7) cos n/ 


observing that for a negative value of tanw’, w’ is to be taken 

in the 2d quadrant, but that for a negative value of tanw, w is 

to be taken numerically less than 90°, and with the negative sign. 
To find m, we have, by eliminating a from (78), 


sin m COs n cos g + sin n sin g = sin b 
whence 
: sin } 
sin m = — tan n tan g -— ——_—__ 
COS 2 COS g 
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If then we take 


sin » — — tan n tan 9 
pee b 
~~ COS N COS p# COS ¢ (147) 
we have 
jp + B 


The constants being thus found, we proceed to find the cor- 
rection of the chronometer by the equatorial star. We must 
first reduce the transits over the several threads to the collima- 
tion axis, which may here be done by the formula (138), omitting 
the last term, which is insensible when the instrument is so near 
the meridian as we here suppose it to be. If, therefore, we first 
find ¢ by the formula 

sin ¢ = — tan n tan 6 (148) 
and then put 


F' = cos n cos 0 cos t 


we must apply to the observed time on each thread the correction 


{== 149 

F (149) 
(where 7 is the equatorial interval of a thread from the middle 
thread), and to the mean of the results we must apply also the 


correction - to reduce to the collimation axis. Let the resulting 


time, reduced for rate to the assumed epoch 7, be denoted by (7). 
Then, if ©, is the true sidereal time at the same instant, we have 


©; = GG a LT 
and, by Art. 167, 
t=—O,—oa+m 
whence we derive* 
AT, =a—(T)+t—m (150) 


If we wish to take into account the diurnal aberration, we must 
add to the right ascension of each star the correction 0°.021 cos ¢ 
sec 0 COST. 


171. In the above, we have supposed ¢ to be given. To inves- 
tigate the effect of an error in the assumed value of ¢, let ¢ + a¢ 


* Tt is easily seen that the general formula (150) reduces to Hansen’s formula (86) 
when the instrument is in the meridian. 
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be its true value; then the correction of n corresponding to a¢ 
1s, by (145), 
f sin (wv + w) 

cos $ (w’ — w) 


and, by differentiating the expressions (147), (148), and (149), we 
find the. corresponding corrections of m, ¢, and J to be 


tan sin 4(w’ + w)tan 
Am = — An f = AC POE) ad 


cos? n COs m cos 2 (w’ — w) cos? n cos m 


tan 6 he: sin $(w’ + w)tan 6 


At = — An. ———_ : ; 
cos? n cos t cos 3 (w’ — w) cos? n cost 


Ac 


cos 6 cos n cost 


The correction of the quantity (7) — ¢ + m will be composed of 
the corrections of J (by which (7') is obtained), of m, and of 7. 
Denoting the whole correction by ar, we have 


At = Al— at+ am 


Substituting the values of the corrections, we find 


a 


Ac | i! sin $(w’+ w) tan w sin 3 (w’ + w) tang | 
cosn Lcos w cos 3 (w’ — w) cos + (w’ — w) Cos n cos mM 


By observing that $(w’— w)=4(w’+ w) — w, the first two 
terms within the parentheses become 


cos + (w’ — w) — sin} (w’ + w)sinw cos #(w'-+ w) 


cos + (w’ — w) cos w ~ cos $(w'—w) 
whence 
Ac : tan 
IN a cos $ (w’ + w sin $ (w’ + w) ————_ 
au oral: ge ale a. ) ee 
Finally, if we put 
ta 
tan ¢) = ee (151) 
COS n COS m 
the expression becomes* 
1 Ul , 
Ar eng e es Eee (152) 


cos n cos g’ cos $ (w! — w) 


* As given by Hansen, Astr. Nach., Vol. XLVIII. p. 120. 
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If we denote the coefficient of ac in this equation by CO, and the 
true chronometer correction by a7, the first computed correction 
being (a7), we have 


Ad (aT) — Cae (153) 


For another observation in the reversed position of the axis 
the coefficient of ac computed by (152) being denoted by C’, and 
the computed chronometer correction by (aZ”), we have, since 
the sign of ac is changed, 


AP = (AT) O'ac (154) 


and, combining the two results, we can determine both a7’ and 
ac. If we have taken a number of stars in each position, we 
can treat all the equations of this kind by the method of least 
squares. 


172. The designation “ equatorial star,” in the preceding ex- 
planations, has been used to designate the star from which the 
chronometer correction has been deduced; but it is by no means 
necessary that this star should be very near the equator. <A star 
which passes near the zenith will be preferable, since an error in 
the determination of 7 will then have little or no effect upon the 
computed time. 


Exampie.*—In 1843, August 17, at Cronstadt, latitude g = 
59° 59’.5, the following observations were taken. The value 
of one division of the level was 0°.113. The correction for in- 
equality of pivots was p = + 0°.14 for circle west. The equatorial 
intervals of the threads, numbered from the circle end of the 
axis, were 

ty ty 


a 45 
+ 34°.50 . + 18*.74 — 16°14 Sono 


The assumed collimation constant was ce = — 0°.33 for circle west. 
The chronometer correction was approximately a7’= + 40°; 
its losing rate, 1°.72, or 07 = + 1°.72 daily. 


* Sawitscu, Pract. Astron., Vol. I. p. 343. 


222 PORTABLE TRANSIT INSTRUMENT 


Ist position of the instrument: Circle West. 


E. W. 
Level. Direct —= 12.0 + 27.0 B= -+ 0°52 
Reversed — 17.8 + 21.2 p—+0.14 
Transits observed with chronometer ‘‘Haut No. 19.” 
Thread. I II Til IV | Vv 
a Urs. Min. — — Lie 2371070 — —~ 
& Draconis 38.0 3°.9 17228. 35).0 14 29°.3 
E W. 
Level. Direct — 18.0 + 21.0 B= + 0°.49 
Reversed — 12.4 + 26.8 p=—+0.14 
Mean B= 4 44.35 b= + 0.63 
2d position: Circle East. 
E. W. 
Level. Direct — 18.4 + 21.0 Ces 
Reversed — 17.4 ak 21 p=—0.14 
Mean B= - 22.08 6 == 0.210 
| Thread. Vi | IV | Ill II | I 
| a Urs. Min. |  — — | 17°52"45.5 | — = 
| y Draconis ool 358.8 Li roo ees 31°.6 578.1 
E. W. 
Level. Direct — 16.2 + 23.6 B= + 0°.30 
Reversed — 18.3 + 21.5 p=—0.14 
Mean B=) 722 24:65 6=-+ 0.16 


For the given date we find, from the Nautical Almanac, 
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a t) 
a Urs. Min. 1* 3” 45°.70 88° 28’ 24” 2 
2 Draconis, 17 26 55.738 52 25 25 6 
y Draconis, 17 53 0.85 51 30 51 .0 


Computation of the observations, circle west—We shall reduce 
the observed times for the chronometer rate to the common 
epoch 7,= 18". To allow for the diurnal aberration, we take 
for the approximate times of the observation of a Urse Minoris and 
8 Draconis, 17" 24" and 17" 29", which, subtracted from the re- 
spective right ascensions, give for their eastern hour angles, o1 
the values of +, 7’ 40” and — 0" 2”, and hence the values of 
0°.021 cosy secd cost for the two stars are — 0°.17 and + 0°.02, 
which are to be added to the right ascensions. The corrected 
quantities are then: 
ee Ree == LPS 45893 07 = 1 7* 23" 98.96 0 == 88° 28247 
8 Draconis, a ==1-26 50.75 T = 17 28 84.96 d= 52 25 25.5 


ao ae 7-40 BODT 6’+6=140 53 49 .7 
ged) OD) o’—d= 386 2 58.7 


Qy— 7 42 14.78 —115°83'41".7 
y= 57° 46'50".9 
Hence, by the formule (148) and (144), 
log sin (6’++ 6) 9.799833 — log sin (6’— 0) 9.769736 log cosd’ 8.425554 


log cos 7 9.726857 log siny 9.927378 log cosd 9.785199 
log L sin 4 0.072976 log L cos 2 9.842358 log2 0.801080 
log tan 4 0.230618 log cos 4 9.704899 8.511783 
dime OO? 9209.2 log LZ 0.137459 
log 2 cos 6’cos6 8.511783 
je 1221 22).8 log tan n’ 8.874324 
By the formule (145) and (146), 
Maye 117220 Ac yi — 1° AG 
log sec(A+ 7) 20.8380 log sec(A — y) 0.0002 
log secn’ 0.0001 log seen’ 0.0001 
log tan 6’ 1.57438 log tand 0.1188 
log tan w’ n1.9124 log tanw 0.1141 
i = D042 == 92° 27 
4(w’+w)= “71 35 +(w—w) 19 8 


log sind (w’+ w) 9.9772 

log sec 4 (w'— w) 0.0247 

c= — 0.83 = — 4'.95 log c n0.6946 
y= —A 97 log » n0.6965 

y= ya 1° 217 27'.8 
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By the formule (147): 


log(— tan n) 8.874769 b= -+ 0°.645 = + 9.68 

log tan ¢ __ 0.238415 log b 0.9859 

log sin p 8.618184 log sec n 0.0001 
re een log sec p. 0 0004 
a= +194 logsecg 0.8009 _ 
m=—2 20 47.6 log 8 1.2873 


The constants of the instrument being thus found, we proceed 
to find the chronometer correction by 8 Draconis. We first fiud 
t and the thread intervals by (148) and (149): 


log tann 8.374769 log cosn 9.99988 

log tan dé 0.113823 - log cos 6 9.78520 

t= — 1° 45’ 54.6 log sin ¢t 8.488592 log cos t 9.99979 

log F 9.78487 

I II IV v ¢ =—0°.33 

log 7 1.58782 = 1.27277 n1.20790 n1.52284 log ec =n9.518 

log 11.75295 =—1.48790 n1.42303 n1.73797 log = n9.735 
I+ 56.62 + 30°75 — 26°49 — 54°.70 c 

F = —0°.54 


Applying these reductions, we have, for the time of passage over 
the middle thread, and the chronometer correction by (150), 


B Draconis. 
17* 28” 34°.62 
34 .65 
35 .00 
34.91 
54 .60 


17 28 34.76 
— == Oy! 
F 
Red. for rate to 18" — = 0.04 
CT) Ti 28 (3418 
a == 17_ 26 DD 
a—(T)=— 1 88.48 
t— m= + 0° 34 53”.0 = + 19 .58 


Chron. correction at 18* = aT, = + 41.10 
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Computation of the observations, circle east.—This being in alk 
respects similar to the above, we shall only put down the prin- 
cipal results. The approximate hour angles (z) of a Urse Minoris 
and 7 Draconis are T' 10" and — 0* 3", whence the correction of 
the right ascensions for diurnal aberration are — 0°.12 and + 0°.02. 
Reducing the times for rate to 18", we find 


a Urs. Min. a! = 1 8” 45°58 T’= 17" 52" 454.49 3’ 88° 28" 24"".2 
y Draconis a—=17 58 0.387 T=17 55 1.39 6=51 30 51.0 


whence 
f= DEO Oe A= 00S00 04.2 
(eae 26) 25 e=-+ 0°33 = 4 47.95 
Aty= IO?! av A—y= 1° 48’ 

w= 90 31 CC ——— Sk By 

Yi + 5.0 

Wee LOO Oo b= + 0°18 = + 1795 
jo SH Ah eb oll pa 378 

i Za OOS 

ise il 4h Y xe log F= 9.79866 


For the reductions of the threads for y Draconis, we find 
Vv IV a I 


LT - 53°.60 + 259.96 — 30°14 — 55248 = = + 0.53 
and hence 
y Draconis. 
Transit over middle thread = 17* 55" 15.59 
Cc 
——— 0.53 
R = 
Red. for rate to 18" = 0.01 


OB ae 
Moti os O1a7 
a—(T)=— 2 1.74 
t—m =-+ 2 42.75 
Yaga + 41.01 


The mean value derived from the observations in both positions 
of the instrument is, therefore, 

AT, — + 414.06 at 18". 
In general, however, unless the declinations of the two stars are 
nearly equal, the true value of a7, will not be the mean of the 
values found in the two positions; but we shall have to proceed 


as follows. 
Vou. II.—15 


226 PORTABLE TRANSIT INSTRUMENT 


To estimate the effect of an error in the assumed value of ¢ in 
this computation, we might here put ¢g’ = g in (152), since n and 
m are here small; but, for the sake of illustration, we shall use 
the complete formule. We find 


Circle West. Circle East. 
@ =) 360 aia 60° 1/.4 
(w+ w)—¢ = 11 34 ie 0) 
log cos[# (w’ + w) — ¢'] 9.9911 9.9919 
log sec } (w’ — w) 0.0247 0.0257 
sec n 0.0001 0.0001 
sec g’ 0.3013 0.3013 
log C 0.3172 log CO’ 0.3190 
C= -+ 2.075 C’ = + 2.084 
Hence 
(Circle west) aT, = + 41°10 — 2.075 ac 
(Circle east) AT, = -+ 41.01 + 2.084 ac 
whence a 
8.09 
Ac=-+ Se + 0°.0216 


(Circle west) aT, = + 41°.10 — 0°.04 = + 41°.06 
(Circle east) AT, = -+ 41.01 + 0.05 = + 41.06 


This result agrees with the mean value found before, because 
here the declinations of the stars were nearly equal, and the posi- 
tion of the instrument with respect to the meridian was nearly 
the same in both observations. 

As the value of ¢ is often but imperfectly known, it will be 
best always to take a pair of stars in each position of the axis, 
and then to compute the two clock corrections upon the supposi- 
tion of e=0. The true correction will then be found by com- 
puting Cac as above, and the value of ac will be the true value 
of c. Thus, in the preceding example, if we had first taken 
c = 0, we should have found from £ Draconis (aT) = + 40°.42, 
and from 7 Draconis (aT’) = + 41°.70, and, computing the coeffi- 
cients Cand C’ as above, we should have had 


(Circle west) AT, = + 40°42 — 2.075 ¢ 
(Circle east) AT, = + 41 .70 + 2.084¢ 
whence 
= ee == — J2308 
4.159 
(Circle west) AT, = + 40°42 4 0°64 = + 41°06 
(Circle east) aT, = + 41.70 — 0.64 = + 41 06 
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APPLICATION OF THE METHOD OF LEAST SQUARES TO THE DETER- 
MINATION OF THE TIME WITH A PORTABLE TRANSIT INSTRUMENT 
IN THE VERTICAL CIRCLE OF A CIRCUMPOLAR STAR. 


173. We here suppose the observations to be made essentially 
as directed in Art. 170, with this difference, however, that we 
shall not restrict the observation of the star near the pole to its 
transit over the middle thread. The instrument being brought 
near the vertical of a cireumpolar star: Ist, the transit of this star 
over any one of the threads is observed; 2d, the transits of a number 
of equatorial stars are observed ; 3d, the axis of the instrument is 
reversed, and the transit of the polar star again observed over 
one thread; and 4th, the transits of a number of equatorial stars 
are observed. The level is read for each star. If, however, the 
circumpolar star has passed all the threads by the time the axis has 
been reversed, the azimuth of the instrument must be changed, 
so as to bring the star near a thread; then, clamping the instru- 
ment in azimuth, the transit over this thread will be observed, 
and also the transits of a set of equatorial stars as before. In 
this case the observations, being made in two different vertical 
circles, must be separately computed according to the following 
method. It is hardly necessary to observe that the observations 
of the equatorial stars may either precede or follow that of the 
cireumpolar star, as may happen to be most convenient. In this 
method, we form an equation of condition from the observation 
of each star, and all those for which the azimuth of the instru- 
ment is the same are combined by the method of least squares. 

Let c denote the collimation constant for the mean of the 
threads, and 7 the equatorial distance of a thread from the 
mean; then, c denoting the hour angle of the star when observed 
on the thread, 7 + c must be substituted for cin our fundamental 
equation (79); and, since this quantity is always sufficiently small, 
we shall put it in the place of its sine. Thus, we have for each 


thread 
ec +i=—sinn sind + cosn cos 6 sin (rt — m) 


When several threads are observed, the mean of the observed 
times corresponds to that point of the field which we call the 
mean of the threads only when the instrument is in the meridian. 
When the instrument is not in the meridian, two methods of 
procedure offer themselves. The first is that which has been used 
in the preceding articles, and consists in reducing each thread 
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either to the middle or the mean thread by means of the com- 
puted intervals. But to compute these intervals we must, as 
has been seen, know the position of the instrument. The second 
method, which we owe to BzssEL, is not only more simple in 
practice, but is wholly independent of the position of the instru- 
ment; and, as it will be useful both in the present problem and 
in that of finding the latitude by transits over the prime vertical, 
I shall treat of it here. 

If we denote the number of observed threads by q, we have ¢ 
equations of the above form, 7 and 7 being different in each. 
The mean of these equations is 


Lie ‘ : ipa 
Ce ree A CO I 0 ca ee 


where 2 is the usual summation sign. Now let 


T —the mean of the observed times on the several 
threads, 
T — I= the observed time on any thread ; 


then Jis the interval found by subtracting each observed time 
from the mean of all, and, consequently, the algebraic sum of 
all these intervals is zero. Also let 


% = the clock correction, 


30, —(T+4+%) 
then for each thread we have 
sin (tr — m) = sin (¢ —m- J) =sin (t — m) cos I -+ cos(t — m)sin 1 


Lees : 
ie ae = sin ¢—_m) 7 08 I + cos (¢ — m) — 2’ sin 


a 
Z 
Let k and x be determined by the conditions 


7008 «= eG 
; 1 ; 

= sin) =) — = sins 

k q 


then we have 


Lee 
ZZ sin —m) = 7 sin (¢ — x — m) 
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Hence, putting 


tT =t—x=a—(T+2#+ 98) 
q 


our equation becomes 


COs n COS 6 sin (7, — m) 


e+%,=—sinn sind + , 


Thus, x and k being found, we find 7, by using the corrected 
time 7’+ x instead of 7; as in (155), and then this single equation 
represents the mean of the g equations. We may bring this 
equation still nearer in form to that for each thread, by substi- 
tuting 


1 
7 COS 6, = re 0) 
y sin 6, = sind 
which give 
CH ty 


; — sin n sin 6, -++ cos n cos 6, sin (rt, — m) (156) 


where 7 is so nearly equal to unity (as will presently appear) that, 
as the divisor of the small term ¢ + 4, it may usually be omitted. 
Thus, the mean equation is precisely of the form for one thread, 
when we use both a corrected mean time and a corrected decli- 
nation. The quantities x and d,, or else x and log k, are readily 
found by the aid of tables such as Tables VIII. and VIIA at 
the end of this volume, the construction of which is as follows. 
The equations which determine k and x may be written thus: 


7 eos =1—= 22 gin? 4 I 
eh a eT nT) 
k q 


for, since SJ= 0, this last equation is the same as the one before 
given. But the quantity 7— sin /is of the order J°*, and there- 
fore extremely small, so that we may put cosx = 1, and hence 

ee 
k q 


% resin) 
qg 
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and since 
tan 6, = k tan 6 
we have* 
oe ; Ley 
enna pees (; *) ue + &e 
k+1 sin I’ k+ 1/-2sin1” 


or, substituting the value of k, 
Aysintgl 
q ao sin 26 


&e. 
wt c 


1 : 1 
1 ee Be 


Besse. givest a table from which with the argument J we find 
oe aT 
I—sin TJ in seconds, and aa The means of the tabular 


quantities taken for the several values of J are respectively x and 
the numerator of the coefficient of 20. A small subsidiary table 
corrects for the neglect of the denominator. In the tables at the 
end of this volume I have adopted a different arrangement. By 
the logarithmic formula 


log (1d — 27) = -M(«@ + 32’+ &e.) 
in which = 0.4842945, we find 


1 


log kh —— — lok 


a7 2 2cintaT+3(—22 sint 31) + &e.| 

q 9 

where the second term of the series will mostly be inappreciable. 
The approximate value of log k, neglecting this term, will be 


log i == + 39 wsint} I 
4 
and, employing this value in the second term, the complete 
value will be 
2 
log tive eepietny vee eg) 
qd 2M 


Table VIII. gives, in the column log k, the value of 2M sin? 4] 
corresponding to each interval J) The mean value of log k, 
which is required in reducing several threads, will be found by 
taking the mean of the several values from the table. When 


* Pl, Trig., Art. 254. } Astron. Nach., Vol. VI. p. 245. 
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extreme precision is desired, this mean is to be increased by the 
small correction given in Table VIII.A, which contains the value 
(log hk)? 
2M 
column marked x gives the value of J— sin J in seconds for each 
value of J; and the mean of the several values is likewise to be 
taken as the correction of the mean of the observed times 7: 
The sign of Jis different for threads on opposite sides of the 
mean, and the sign of x must be the same as that of I. Hence 
the mean x will be evanescent when the observed threads are 
symmetrically disposed about the mean. 

These tables, then, effect the reduction of the threads to a single 
instant in a remarkably simple manner, without requiring a pre- 
vious knowledge of the position of the instrument. We have 
only to add x to the mean of the observed times, and to find the 
corrected declination by the formula 


of the term » with the argument “mean log k.” The 


tan 6, =k tané (157) 


Then, taking the mean of the equatorial intervals 7 of the ob- 
served threads, we proceed to use equation (156), as representing 
the mean of all the threads. The divisor 7 is found, from the 
equations which determine 7 and d,, to be 


te = z ) eos a 
ke 


Cees 8) 

where we may put cos(d,— 0) =1. Since 7, is zero when all 
the threads are observed, we may put 7 = 1 in such cases with- 
out hesitation, since it is then the divisor only of the very small 
quantity ¢. But in the method of observation here adopted we 
may in all cases put 7 = 1; for we suppose the slow-moving star 
to be observed on but one thread, in which case we have rigor- 
ously 7 = 1; and for the equatorial star (even if we extend this 
denomination to stars of the declination 50° or 60°) the intervals 
Iwill always be less than 2”, and then the mean log k will always 
be less than 0.00001, and log 7 will be less than 0.00002. We 
take then, as complete, the equation 


e+ i, = — sin n sin 6, + cos n Cos 6, sin (rt, — m) 


Substituting sin tr, cosm — cost, sinm for sin(r,— m) and then 
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substituting the values of sin n, cos” cos m, cos n sin m, from (78), 
the equation becomes 


ce +i, = — b(sin gsin 0, + cos ¢ cos 6, cos t,) + cos a Cos 0, Sin 7, 
+ sin a (cos ¢g sin 0, — sin ¢g Cos 0, COs 7,) 


This equation will be satisfied when a is the true value of the 
azimuth of the instrument and tr, has been found by employing 
the true clock correction @? But, if a and & denote assumed 
approximate values of these quantities, ag and ad their required 
corrections, and if rt, is found by the formula 


71 =a—(7,4+%9 (188) 


then we must substitute in the above equation a + aa for a, and 
t,— Ad for tr, We thus find (neglecting the products of the 
small quantities 6, ad, and ad) 


e+ 1,= —Ob(sin ¢ sin 0, + Cos ¢ Cos 6, COs 7,) 
+ cos a cos 0, sin 7, + sin a (cos ¢ sin 6, — sin ¢ Cos 4, COs 7,) 
— Aa sina cos 6, sint,+ Ad cos a(cos ¢ sin 6,— sin ¢g COS 0, COS 7,) 
— A# cos 6,(cos @ Cos 7, + sin @ Sin ¢ Sin 7,) 


To adapt this for computation, let z and A be the zenith distance 
and azimuth of the point of the sphere whose declination is 0, 
and hour angle r,: then we have (Vol. I. Art. 14) 


cosz = sin g sin 0, + Cos ¢ Cos 6, cos.r, 
sin z cos A = — cos ¢ sin 6,+ sin ¢ Cos 4, Cos t, (159) 
sin z sin A = cos 0, sin 7, 


and our equation becomes 


c+ 1,= — b cos z — sin(a — A)sin 2 — Aa cos(a — A)sin z 
— A¥ cos 6, (cos a Cos tT, + sin a sin ¢ sin 7,) 


Here a — A must be of the same order asc + %,, and there- 
fore may also be put for its sine, and its cosine may be put = 1. 
In the coefficient of a’ we may put cos 0d for cos 0,. Transposing 
the equation, and collecting the known terms, by putting 


h =1i,-+ 6 cos z+ (a — A)sinz (160) 
we obtain the equation of condition 


e+ Aasin z+ A% cos d(cos a cos7, + sina sin gsinr,) +h=0 (161) 
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in which the sign of ¢ must be changed when the axis of the 
instrument is reversed. It must also be observed that, (as in 
meridian observations where z = ¢ — 0), sing must be negative 
when the star is north of the zenith: this sign, however, will be 
given by the equations (159) if attention is paid to the signs of 
the other quantities. To compute z and A by logarithms, let g 
and G be determined by the conditions 


g sin G = sin 6, 
g cos G = cos 0, cos 7, 
then 
cos 2 = g cos (yg —G) 
sin 2 cos A = g sin(g —G) 
sin z sin A = Cos 0, sin 7, 


or (observing that tan 0, = k tan 0) 


Hi yee k tan 6 
COS 7, 
yey NE (162) 
sin(¢g — G) 
tan z= tan (¢ — @) 
cos A 


in which G and A are to be taken less than 90°, positive or 
negative according to the sign of their tangents, and the sign of 
tan z will be determined by that of tan (y — G). 


If we put 
tan #’ = tan 7,sin ¢g (163) 


the coefficient of a? may be computed under the form 


p— 08 6 cost, cos (a — F’) (164) 
cos f 


The whole process of forming the equation of condition for 
each star is, therefore, as follows: 

Ist. Find x and log k from Table VIII., and add x to the mean 
of the observed times on the several threads. Call the resulting 
time 7,, and find 


Ce eel) 


in which @ is the assumed clock correction reduced to the time 7}. 
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2d. Compute A, z, P by the equations (162), (163), and (164), 
and h by the equation 


h=i,+ 6 cosz+(a — A)sinz 


in which 7, is the mean of the equatorial intervals of the observed 
threads from the mean thread, 0 is the inclination of the rotation 
axis, and a is the assumed azimuth of the instrument. 

Then the equation of condition is 


+etaasinzg+ P.ai+h=—0 


in which the sign of ¢ is to be determined by the position of the 
rotation axis of the instrument. 

From all the equations thus formed, the most probable values 
of c, aa, and ad# will be found by the method of least squares. 

If the azimuth of the instrument has been changed during 
the observations, these must be divided into two sets, and two 
different assumed azimuths a, a’, with the corrections aa and aa’, 
will be used in the formation of the equations. 

It is hardly necessary to remark that all the quantities i, ), 
a — A, ¢, aa, ad are expressed in the same unit, either of time or 
arc: the latter will perhaps be most convenient. 


Exampuz.—-The following observations were taken by BEssEL 
with a very small portable instrument, to determine the time. 


Munich, 1827, June 27. 


pe 
Circle East. it il iil IV Vv Level. 
X Scorpti OE TCSII, a |! Goodscoon || sosnssece — 14.080 
¢ Ophiuchi 14 22.414 2.611 18 43 2)13”22° 7/13" 1*6)—0 .608 
CHOU SIBIWOOFOSN sasbooon |) sopscouct {Geemarc An Coveralls coer caal ==) AUG) 
Circle West. 
BOTS MMOTISN  ccackaesiecceneoue TOL O RD DNS Coens eal oct vs ste + 14.583 
* a(Anon.) 21” 359.5/21"56*.2/138 22 16 .2|22”37*.0/22"58*.8/4 1 .670 
24 Scuti Sob. |\26 11.4126 31.6/18 26 52.83/27 12.8/27 34.4 +1 .837 
cle | 


The azimuth of the instrument was changed between the two 
sets of observations, circle east and circle west. 

The place of observation was in the garden of Dr. STEINHEIL’s 
house, where the latitude was g = 48° 8’ 40’. 

The chronometer was a pocket mean time chronometer of 
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Kusseu. Its correction to sidereal time at 12" (chronometer time) 
was assumed to be J = 5* 1” 3°.00, and its rate on sidereal time 
was + 9°.19 per hour (losing). 

The equatorial intervals of the threads from the mean thread 
were as follows for circle west: 


I II Ill IV Vv 
+ 598.08 + 803’.09 + 6.19 — 294.91 — 612'46 


The value of one division of the level was 4/’.49. The pivots 
were of unequal thickness, the correction for which had pre- 
viously been found to be — 1/’.89 for circle west. 

The apparent places of the stars on the given date were as 
follows : 


a rt) 
x Scorpit IOS Be SOs 7/1. == 9° 36034 22 
e¢ Ophiuchi LOS OEE 90 — 4.16 8 9 
a Urse Minoris 0 59 5.28 + 88 23 2 .5 
*a(Anon.) 18 18 8.49 + 14 52 36 .7 
24 Scuti Sob. 18 19 24.11 — 14 39 56 0 


The reduction of the observations of y Scorpii and ¢ Ophiuchi ou 
the several threads to a mean will serve to illustrate the mode 
of using our Table VIII., although in this case the quantity x is 
quite insensible and log k nearly so. We have, then, 


Circle East. te JP x log & z 


zy Scorpii I.| 11" 8" 12°.2 |— 9°.85) 0.00 | 0.0000001 | — 598.08 
He 7 52.5 |+ 9.85) 0.00 1 |— 303 .09 


Means ll 8 2.35 0.00} 0.00 | 0.0000001 |— 450 .59 


© Ophiuchi | 11 14 22.4 |—39°.90] 0.00 | 0.0000018 | — 598.08 
14 2.6 |— 20.10 5 |—308 .09 
18° 4327= 0.70 0 e620 
13 22.7 |-+ 19.80 5 | +294 91 
13 1.6 |4+ 40.90) 0.00 19 | + 612 .46 

Means | 11 13 42.50) 0.00] 0.00 0.0000009 0 .00| 
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To form the equations of condition for the three stars observed, 
circle east, we now find by the formule (158, &c.)* 


T+ x= ae 
Assumed % 
Rate to 12” 
T,+ 3 
a 
51 
(in arc) 
log see 7, 
log tan 0 
log k 
log tan G 
G 
¢—G 
log tan 7, 
log cos G 
log cosec (@ — G@) 


log tan A 


log cos A 
log tan (¢ — G@) 
log tan z 
log sin z 
log cos z 
A 
Assumed a 
a—A 

> 0 

(a — A) sin z 

b cos z 

ae 

h 

L tap sin ¢=1. tan / 
fF 

a—F 

log cos d 

log cos 1, 

log cos (a — F) 
log sec 

log P 


x Scorpit. e Ophiuchi. a Orse. Min. 
Ue toyke PALES; 11? 18” 425.50 11*#20™ 37.20 
a6) th BAND ts GH lL SMO Se Ul BAY 
— 7.96 — (2.09 = FOZ 
TERR SMO ied 16 14 88.41 UG) Pal We: 
16 2 36.71 GR OmeLS oO 0°69) 5:28 
— 6 20.68 SS 5245) SS br 20 
SSS BU NO hoe) OAS PAGS 129311820 
0.000166 0.000121 n0.196290 
n9.228677 n8.873022 1.549573 
0.000000 0.000001 0.000000 
n9.228843 n8,873144 n1.745868 
=— 9° 36 477.2) | 4° 167 13".2 — 88° 58’ 17.3 
57 45 27 .2 52 24 58 .2 137 «6 57 .3 
8.442337 n8.372975 n0.083561 
9.993858 9.998793 8.254067 
0.072784 0.101030 0.167161 
8.508929 n8.472798 n8.504789 
9.999774 9.999808 Sache he Ware) 
0.200130 0.113683 n9.967894 
0.20086 0.11887 n9.96812 
9.92733 9.89904 n9.83296 
9.72697 9.78517 9.86484 
— 1° 50-55"°85 | — 1942’ 4°°85 — 1° 49’ 52”.74 
= Hh 2; (O. 
ae 8’ 55”.85 | + 4.85 | 7 6207 
Es 2706) = Oneida e 1.54 
ue 465/029) 1) ot acy eee 321.80 
a 1568 t= 0361 4/4 1 .18 
—- 450 .59 0.00 | + 294 .91 
Pio eae ESE |e 25".76 
n8.814394 n8.245032 n9.955618 
—- 1° 10° 54” — 1° 0 26” — 42° 4’ 39” 
= 31 6 — 41 34 40 22 39 
9.99386 9.99879 8.45025 
9.99988 9.99988 n9.80371 
9.99998 bee he ey fl 9.88184 
0.00009 0.00007 0.12946 
9.993876 9.99873 8.26526 


* We have neglected the diurnal aberration, as an insensible quantity in observa 
sions with so small an instrument 
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Hence the equations of condition, circle east, are: 
z Scorptt —c + 0.8459 aa + 0.9857 av + 1712 —0 
¢ Ophiuchi — ce + 0.7926 aa + 0.9971 a8 + 38 .383—0 
a Urs. Min. — ¢ — 0.6807 aa — 0.0184 ad — 25 .76 = 0 


In the same manner, we find for the stars observed, circle west, 


o Ursx Min. xa 24 Scuti Sob. 


T,+%8 LS" 21" > 87.08 18" 23” 32°.34 18* 28” 8°.81) 


a 99° 29’ 18.75; — 1° 20° 57.75; — 2° 11' 1075 
log k 0.000000 0.000001 0.000001 
log tan A n8.617908 n8.618105 n8.618199 
log sin z n9.82674 9.73943 9.94926 
log cos z 9.87007 9.92217 9.65941 
A} — 2° 22! 32'.22 | — 2° 22’ 36”.20 | — 2° 22’ 38.05 
Assumed a’| —2 22 40. 
a — A} — 7.78) — 3 .80| — Le95 
bj} + 5.22} + 5 61) + 6 .36 
(a! —A) sinz| + 5.22 oro. 174 
beosz| + 3.87 | + 4.69 | + 2 .90 
aes 6 .19 0 .00 0 .00 
Rink Poe eS haeo 60y| 4 eee en 
log P| 7.74071 9.98501 | 9.98644 


and hence the equations for these stars are 


a Urs. Min. + ¢ — 0.6710 aa’ — 0.0055 ad + 15.28 = 0 
We +e + 0.5488 aad’ + 0.966147 + 2 60 —0 
24 Scuti Sob. + ¢ + 0.8897 aa’ + 0.967043 + 1 .16—0 


The six equations involve four unknown quantities, which 
might be determined from the four normal equations formed in 
the usual manner. But, where the number of equations is so 
little greater than that of the unknown quantities, it is not 
worth while to employ this method. We can here obtain the 
same result by eliminating aa from the first set and aa’ from 
the second, and then combining the resulting equations for the 
determination of c and ad. Thus, substituting the values of aa 
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and aa’ found from the equations for a Urse Min. in the equa- 
tions of the other two stars in the two groups respectively, we 
have the four equations 


x Scorpii  —2.2427¢ + 0.9629 as — 30.89 = 0 
e Ophiuchi — 2.1642¢ + 0.9757 ad — 26 66 = 0 
*q 4+ 1.8179¢ + 0.9616 a +15 10 =0 
24 Scuti Sob. -- 2.3259¢ + 0.9597 af + 21 42 = 0 


from which we derive the normal equations 


18.4281 ¢ — 0.2908 a& + 204'.25 = 0 
— 0.2908 ¢ + 3.7249 a’ — 20 68 = 0 
which give 
Si -- 4” 69 = + 08.31 
6 = == NO = = OE 


Hence we have, finally, 
3 — + 5B 1” 3°81 


By the four time stars, severally, we have 3°.43, 3°.18, 3°.34, 3°.29. 

The methods which have here been given, for finding the 
time with a transit instrument out of the meridian, are intended 
for the use of observers in the field who have but little time to 
adjust their instruments and wish to collect all the data possible, 
reserving their reduction for a future time. The greater labor 
of these reductions, compared with those of meridian observa- 
tions, is often more than compensated by the saving of time in 


the field. 


DETERMINATION OF THE GEOGRAPHICAL LATITUDE BY A TRANSIT 
INSTRUMENT IN THE PRIME VERTICAL. 


174. The transit instrument is said to be in the prime vertical 
when the great circle described by its collimation axis is in the 
prime vertical. The rotation axis is then perpendicular to the 
plane of the prime vertical, and lies in the intersection of the 
planes of the meridian and horizon. We owe to Busszt the ap- 
plication of the instrument in this position to the determination 
of the latitude of the place of observation. 

The fundamental principle of the method may be briefly 
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stated as follows.* Let PZ, Fig. 45, be the meridian; SZ’ 
the prime vertical of the observer; SIS’ 
the diurnal circle of a star which crosses 
the meridian between the zenith and the 
equator. Such a star crosses the prime 
vertical above the horizon at two points 
S and S’ on opposite sides of the zenith 
and at equal distances from the meridian. s 2 

If then we observe the transits at these ie 

two points with an instrument perfectly adjusted in the prime 
vertical, and note the times by a clock whose rate is well known, 
we determine the hour angle ZPS/ = ¢, which is equal to one- 
half the elapsed sidereal time between the two observations; 
and, therefore, in the right triangle PZS’ we know this angle 
and the hypothenuse PS’= 90° — 0, from which we find the 
side PZ = 90° — »; whence the formula 


ig. 45. 
P 


tan ¢ = tan 6 sect 


in which g is the latitude. It is evident that only those stars 
can be observed on the prime vertical whose declinations are 
between 0 and g. The nearer the observations to the zenith, that 
is, the less the difference between the declination and the latitude, 
the less the effect of errors in the observed times upon the value 
of sect, and, consequently, upon the computed latitude. 

The advantage of this method of finding the latitude lies 
chiefly in the facility with which all the instrumental errors may 
be eliminated by using the instrument alternately in opposite 
positions of the rotation axis, reversing it either between the 
observations on two different stars or between observations of 
the same star, or using it in one position on one night and in 
the reverse position on the same stars on another night. Dif 
ferent methods of reduction apply to these several methods of 
observation, which will be hereafter investigated. We must first 
show how to place the instrument in or near the prime vertical. 


175. Approximate adjustment in the prime vertical—The middle 
thread must be carefully adjusted in the collimation axis, or as 
nearly so as possible. Then compute the sidereal time of pass- 
ing the prime vertical for some star whose declination is small, 


* See also Vol. I. Arts. 192 and 198. 
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that is, a star which passes the prime vertical at a low altitude. 
If ¢ = the hour angle in the prime vertical, d = the declination, 
and » = the assumed latitude, we have 


cost — tan 6 cot ¢g 


and, if « = the star’s right ascension, © = the sidereal time of 
passing the prime vertical, 


. — for east transit 
@=azt er eta \ 


At this time, therefore, by the clock (allowing for the correction 
of the clock), bring the middle thread upon the star, observing 
to keep the rotation axis as nearly horizontal as possible. The 
zenith distance at which the star will be observed may also be 
previously computed, to facilitate the finding. For this purpose 
we have 
sin 6 

COs — 
sin g 
which gives the true zenith distance, from which we should sub. 
tract the refraction in the case of very low stars. 

After the instrument has thus been brought near the prime 
vertical by one star, the rotation axis should be carefully levelled, 
and the adjustment verified by another star. In the first adjust- 
ment the frame of the instrument would be moved; but in the 
second only the V which is provided with a small motion in 
azimuth. When the instrument is provided with a graduated 
horizontal circle, the most satisfactory method is to adjust it 
first in the meridian and then revolve it in azimuth 90°. 

In preparing for an observation on the extreme threads, we 
must know the interval required by the star to pass from one of 
these to the middle thread. It will be shown hereafter that if 
7 = the equatorial interval of the sidereal thread from the middle, 
the corresponding star interval J, near the prime vertical, will be 
nearly 

f= ——____ _._— 
Singcosdsint sin gsing 


and it is easily shown that when the hour angle ¢ becomes ¢ + J, 
the zenith distance becomes z + 15J cosy, where the factor 15 
is used to reduce J from time to arc. The first observation on a 
side thread at the east transit will, therefore, be expected about J 
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seconds before the time of transit already computed, and at a 
greater zenith distance by about 15 cosg; while the first ob- 
servation at the west transit will also be expected J seconds 
before the time of transit computed, but nearer the zenith by 
about 15 cosy. These simple calculations are accurate enough 
for the purpose of preparing for the observation. When the 
intervals of the threads are not known at first, they will be 
obtained accurately enough from the early observations for sub- 
sequent use in finding stars. 

For stars whose declination is very nearly equal to the lati- 
tude, the zenith distance and hour angle on the prime vertical 
may be more accurately computed by the formule 


. 1 — 6) si 6 ; i 
sin 2 — Ven’ ) sin (g + 0) sin ¢ — S22 


sin g : cos 6 


176. Correction for inclination of the axis—When the rotation 
axis is in the meridian, but is inclined to the horizon, the great 
circle described by the collimation axis is still perpendicular to 
the meridian, but intersects it in a point whose angular distance 
from the zenith of the observer is precisely equal to the inclina- 
tion of the rotation axis. This point may be called the zenith of 
the instrument; and the great circle described by the collimation 
axis, the prime vertical of the instrument. If we put 


yg’ = latitude of the zenith of the instrument, 
a «¢ _ observer, 
b = inclination of the rotation axis, positive when north 
end is elevated, 
we have 


PSS 


and.the only consideration of the level correction required in 
this case is to apply it directly to the latitude found from the 
instrument by the same methods that are used when the axis is 
truly horizontal. 

But if the rotation axis is not in the meridian, nor the middle 
thread in the collimation axis, the simple solution given in Art. 
174 requires some modification. I proceed now to consider 
the instrument in the most general manner, with deviations in 
azimuth, level, and collimation, and to show how to eliminate 


the effects of these deviations. 
Vou. II.—16 
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177. %o find the latitude from the observed times of transit of a 
given star over a given thread east and west of the meridian, the rota- 
tion axis being in the same position at both 
observations.—Let the rotation axis lie 
in the vertical circle ZA, Fig. 46, and 
suppose the north end elevated, so 
that the great circle of the instrument 
is H’ ZW’, and a thread at the dis- 
tance ¢ south of the collimation axis 
describes the small circle SS’. Let A 
be the point in which the rotation axis 
produced meets the celestial sphere, 
and through A and the pole P draw 
the great circle APZ’’. This great circle is perpendicular to 
EK’ Z'' W’, and the observations of the star on the thread at S and 
S’ are equally distant from it. We may call PZ’’ the meridian, 
E'Z'' W’ the prime vertical, and Z’’ the zenith of the instrument. 

Now, the equations (78) and (79) of Art. 123, being entirely 
general, apply to the instrument in this position, but it is con- 
venient to make some modifications of the notation. The point A 
being now near the north point of the horizon, its azimuth is 
nearly zero and its hour angle nearly 180°. If we put 


the azimuth of A = 90° + (a) = — a, or (a) = — (90° 4 a) 
the hour angle of A = 90° — m = 180° + 2, or m = — (90° + 2) 


where we distinguish the a of the equations (78) by enclosing it 
in brackets; then a is the small azimuth of the rotation axis 
reckoned from the north towards the east, and 4 is the hour angle 
of the meridian of the instrument (or, as we might call it, the 
west longitude of the instrument); and the substitution of these 
quantities in equations (78) gives 


cos n cos 2 = — sin b cos g + cos b cosa sin ¢ 
cosnsinA— cosbsin a (165) 
sinn = sin dsin g + cos b cosa cosg 


and as tc in (79) is the hour angle east of the meridian, while it 
is here more convenient to reckon it, in the usual manner, 
towards the west, we shall change its sign, so that the factor 
sin (zt — m) will become 


sin (—- r + 90° + A) = cos (rt — 2) 
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and the equation (79) will become 
sin ¢ = — sin n sin 6 + cos n cos 6 cos (t — 2) (166) 


For the convenience of future reference, I shall here recapitulate 
the notation used in these our fundamental equations: namely, 


g = the latitude of the place of observation, positive when 
north ; 

0 = the declination of the star, positive when north; 

t = the hour angle of the star; 

a = the azimuth of the rotation axis, positive when east of 
north ; 

6 = the inclination of the rotation axis, positive when the north 
end is elevated ; 

c = the collimation constant of a thread, positive when the 
thread is north* of the collimation axis; 

A = the longitude of the meridian of the instrument, positive 
when west ; 

n = the declination of the north end of the axis. 


{f, further, when the star is observed at both the east and west 
transits, we put 


t, t’ = the hour angles of the east and west observations, 
respectively ; 
T, T’ — the clock times of observation ; 
AT,A 7" = the corresponding clock corrections; 
a == the right ascension of the star; 
2%— the elapsed sidereal time between the east and 
west observations on the same thread; 


we have 
t= T+aT—a 7— T’+ aT’—a 
8=1(7T’+ aT’—T— aT) 
A=4(7’+4+47'4+ 7+ 4T)—o 

WON CO Mia) = — ers 


We see that 2 will be well determined when the clock rate, or 
aT’ — aT, is known; but to find Awe must also know the clock 
correction and the star’s right ascension. 


* When the thread is north of the prime vertical, the small circle of the sphere 
which corresponds to it is sowth of the prime vertical, and vice versa. 
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Now, let h and f be assumed so as to satisfy the conditions 


A sin @ = sin b 
h cos 8 = cosb cos a 


then the equations (165) become 


cos n cos A = h sin (g — f) 
\ (1673 


cos n sin A = cos b sina 
sin n = h cos (¢ — f) 


Substituting in (166) the values of cos n, sinn, given by these 
equations, and also cos (zt — A) = cos (A — t’) = cos, we have 


cos 3? 
cos A 


sin c = — A cos(g — #) sin 6 + Ah sin(¢g — f) cos 6 


to reduce which we assume h’ and g’ to satisfy the conditions 


h’sin ¢g’ = sin 6 

cos & 

h’ cos g' = cos 6 E ey 
cos A 


which transform the preceding equation into 


sinc = hh'sin(¢g — ¢g'— #) 
whence 
a) sin ¢ 


sin (¢ ¢g! p= aH 


sin 6 


But, as ¢ is never more than 15’, and h/ = will never be less 


in g! 
than 3, while / differs from unity only by a quantity depending 
upon sin’a, the angle g — ¢’ — # will never exceed 30’: so that 
we may write, without sensible error, 


c sin ¢' 
g — o — f = —— 
sin 6 


To find £, we have 


tan # — tan b sec a 
or, since 6 is only a few seconds and a but a few minutes, 
p—d 
and g’ is determined by (168), which give 


tan g’ = tan 6 sec % cos A (169) 
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and then we have 
e sin g 


(DENG DGS ere (170) 


sin 0 
It is evident that the factor cos4 in (169) corrects for azimuth 
deviation, the Me 6 in (170) for inclination of the rotation axis, 


and the term © me for the distance of the thread from the col- 


limation axis. 

In these equations, # and 4 are obtained from the observed 
times on the same thread, the rotation axis being in the same 
position at the two observations. The constant c has then the 
same sign at both observations, + for north threads,— for south 
threads; and its value must be known for each thread. We 
deduce then, by (169) and (170), from each thread separately, a 
value of the latitude, and take the mean of all the results as the 
latitude given by the instrument in this position of the axis. But 
if the pivots are unequal the striding level does not give the 
true value of 6 directly. (See Art. 137.) Moreover, the constant 
¢ is composed of the equatorial interval of the given thread from 
the middle thread combined with the collimation constant of the 
middle thread, and will, therefore, involve both the error in the 
determination of the interval and in the adjustment for colli- 
mation. 

Now, to eliminate all these instrumental errors, repeat the 
observations on the same star on a subsequent night in the 
reverse position of the axis. Let p be the (unknown) correction 
for inequality of pivots, g the (unknown) correction of ¢ for error 
in the interval of thread and collimation adjustment; let 9’, 9’ 
be the latitudes given by (169) for the same star on different 
nights and in reverse positions of the axis; 0, 6’ the inclinations 
of the rotation axis given by the spirit level. The true inclina- 
tions are b + p and b’ — p, and the true value of the collimation 
constant for the given thread is c + q: so that in the first posi- 
tion of the axis we have 


sin ¢g! 


pay fb tp+ 64+ 00> 


sin 6 
and in the second position, 


sin g” 
sin 6 


g=e¢"+U—p—C+® 


and the mean of these is 
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g=A(?t+bo4+e"4 0)+ 


c+q [= g’ — sin | 


2 sin 6 


so that the inequality of pivots is wholly eliminated, and the 
error of thread and collimation is reduced to the term 


qY |= ¢g — sin ¢g” q sin (¢’ — ¢") cos ¢ 


nearl 
D sin 6 | 2 sin 6 ( y) 


which for g = 1”, v’ — o'’/=1, is 0/’.008 cos g cosec 0, and that 
part of this small quantity which depends on the collimation of 
the middle thread will have different signs for north and south 
threads, and will also wholly disappear from the mean. There 
will remain, therefore, in the result only that part of this term 
which depends on the errors of the thread intervals. As the 
thread intervals can easily be determined in the meridian within 
1’’, this remaining error in the latitude will be insensible in 
practice, and we may assume the mean of two nights’ observa- 
tions to be wholly free from the instrumental errors. 

There remain yet the errors of observation and of the clock. 
These affect both the angles @ and 4. As A is always small, their 
effect will not generally be appreciable in cos, and their effect 
in sec @ will be less the nearer the star is to the zenith; for the 
clock errors that appear in @ are only the variations of rate, and 
the less the interval the less the effect of these upon %, and, at 
the same time, the less the angle & the less effect will any change 
in & produce in sec 

The expression for the error in g resulting from an error in 
is found by differentiating (169) ; whence 


dg sec? g' = d$ tan 6 sec 3 tan # cos 4 = d¥ tang’ tan # 


or nearly 


dv. 
dg = > sin 2¢ tan # 


and sin 2g is greatest for ¢ = 45°, in which case we have 
ds 

dp = “> tan 0. Ford = 1’, dp = dd X 0.18; or an error in 3 of 

1‘= 15” produces an error in g of less than 2’’.. If we assume, 

then, that } can always be obtained within 1’, we ought to expeet 


the mean of the latitudes obtained in two nights from the same 
thread and with the same star to agree with that found in the 
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same way from any other thread, within 2’, when the observa 
tions are taken within one hour of the meridian. This, in fact, 
is the experience of observers in the use of this method. 
Finally, the latitude is affected by an error in the tabulated 
declination of the star. When g < 45°, the error in the latitude 
is always greater than the error of the declination; but when 
gy > 45°, the error in the latitude will be less than the error in 
the declination, if we use stars whose declinations fall between 
the limits 90° and 90° — g, as will be seen at once by examining 


the equation 
sin 2¢ 


dg = do 
a sin 26 
which is found by differentiating (169) with reference to g and 0. 
It is evident, therefore, that this method is better suited to high 
latitudes than to low ones, although satisfactory results may be 
obtained by it even in latitudes not greater than 30°. 


178. Instead of deducing a value of the latitude from each 
thread, it is usually more convenient to reduce the observations 
on the several threads to the middle thread, and then to find the 
value of the latitude from the mean. This value will, of course, 
be tne same as the mean of the several values found from the 
threads individually. I proceed, therefore, to investigate the 
formula for reducing the observations on the side threads to the 
middle thread. 

Let 


i = the equatorial interval of any given thread north of the 
middle thread, 
I= the corresponding star interval, 


then, t being the hour angle of the star when on the middle 
thread, tr — Tis its hour angle when on the given thread: so that 
c now denoting the collimation constant of the middle thread, 
and, consequently, ¢ + 7 being now put for ¢ in (166), we have 


sin (i +.c)= — sin n sin 6 + cos n cos 6 cos(t — 4 — TL) 
while for the middle thread we have 
sin c = — sin v sin 6 + cos n cos 6 cos(t — A) 


The difference of these equations gives 


2 cos ($7 + c) sin +7 = 2cos n cos 6 sin(r — 4 — 32) sine L 
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In th2 first member, since 7 and c are both small, we may put 
2cos4isin 4%, or sinz, and hence 


: sin 7 
2s8in + J = 


cos n cos 6 sin (r — 4 — 31) 


If the azimuth a of the instrument is even as great as 20’ (and 
it will always be much less), it is easily shown that log A in (167) 
will not be less than 9.999998, that is, it will not change the 
fifth decimal place by a unit in the computation of log cosn; 
and, as this degree of accuracy is evidently even more than suf- 
ficient in computing J, we shall here take cosn = sin (yg — 6), and 
hence The 

sin 2 


SE I gl Des = as 
sin (g — 6) cos 6 sin (t —A— 37) 


(171) 


This very exact formula will be required, however, only where 
the star is very near the zenith. In most cases we can employ 
sin g for sin(g — 6) and put 4J instead of its sine. 

When the star has been observed on the middle thread, both 
east and west of the meridian, we may find 7 —A=#@ with 
sufficient accuracy for computing the reductions of the threads, 
by taking the half difference of the observed times on this 
thread; and hence the formula will be 

2sin $2 — sue (172) 
sin (g — 6) cos 6 sin (8 — 31) 


or, in most cases, 
7 


l=-— : (172*) 
sin ¢ cos 6 sin (# — 3 J) 


In applying these formule, the signs of 7, J, and ? must be 
carefully observed. Thus, 7 will be positive for north and 
negative for south threads; & positive for a star west, and 
negative for a star east of the meridian. The value of J re- 
quired in the second member may be found with sufficient 
accuracy from the observations themselves; and, in order to 
obtain it with the proper sign, it is to be observed that the ob- 
served time on the given thread is always to be subtracted from 
that on the middle thread. 

Having reduced the several observations to the middle thread 
by adding the values of J thus found, the means of the results 
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for the east and west transits, respectively, will now be denoted 
by T and 7’, after which @ and 2 will be accurately found, and 
the latitude computed precisely as in the preceding article. The 
quantity ¢ in equation (170) will now denote the collimation con- 
stant of the middle thread. 

The level constant should be determined both before and after 
each transit east and west, and the mean of the four values 
employed for 6, particular care being required in the determina- 
tion of this quantity, since any error in it affects the resulting 
latitude by its whole amount. 


Exampie.—The following observations were taken by HansEn 
in Heligoland with a transit instrument in the prime vertical.* 
The hours are given only for the middle thread, and the observa- 
tions on threads VII., VI., and V. are placed immediately below 
those on I., IL., and IL., respectively. 


1824, July 31.—Circle North. 


| y Draconis. I. and VII. | II. and VI. | III. and V. LiVis Level. 


East transit 14" 28%.3 | 13" 36°38 | 12" 46°. | 16% 11™ 54°. 
G26 lONIs fn, 88 
27 35. 128 26.8129 17.5119 30 9.8). , 
Best = | 32 37.5131 50. |31 0. 1.37 


Clock correction (sidereal) at 14" 22™— + 1™ 47.40, Daily rate, + 4.12 


1824, August 3.—Circle South. 


y Draconis. I. and VII. | II. and VI. | III. and V. IV. Level. 
6 ee Oe: rag jenn 10 36%. 16" 118 272.5 a 
East trance | 13 59. |18 9.85/12 17.5 ; mag 
32 15. | 31 26. | 30 36.5)19 29 44. 
West “ j/o7 ia. fas 8. [28 55. }—0.03 
| Clock correction at 144 8" — + 1” 59°.98. Daily rate, + 4*.27 


The threads are numbered from the circle end of the axis, so 
that for “circle north” stars at the east transit are observed first 
on thread VII. Their equatorial intervals, as found by observa- 
tions in the meridian, were— 


I II TI v VI VII 
(Circle north) 7, + 829.382 + 215.557 ++ 10°.963 — 10.652 —21*.426 — 31*.672 


* Astron. Nach., Vol. VI. p. 117. 
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The value of one division of the level was 2/’.5 (of arc). 

The collimation constant was ¢c = + 2’’.18 (in arc), circle north. 
The assumed latitude was g = 54° 10’.8. 

For the given dates, the apparent places of the star were— 


y Draconis a 6 
1824, July 31, 17% 52” 34°49 4 51° 30’ 57.64 
CO Amg.23; i AO BAO Ce ETO AE 


We shall first reduce the observations of July 31. To compute 
the thread intervals, we find an approximate value of & from the 
observed times on the middle thread, the difference of which is 
3* 18” 15°.8, and, since in this time the clock rate is + 0°.6, we 
take 23 = 3" 18” 16°.4, and hence 

(Approx.) # = 1* 39” 8°.2 
Taking the differences between the observed times on each side 
thread and that on the middle thread for both the east and west 
transits, the mean of the two values for each thread may be used 
as a sufficiently exact value of J to be used in the second member 
of (172), namely : 
I II Tir We WAL VII 

(Approx.) J, + 2” 34.8 + 1” 42:9 + 0m521.2 — 0508.2 — 1™ 401.6 — 2” 275.8 

9 —}/,1*3750.8 1*3816.7 148842.1 1*8933.8 143958.5 1440 22.1 
whence the reductions to the middle thread are, for the west 
transit, 

I, + 2™ 345,97 + 1™ 425.74 + Om 528.04 —0™ 50'.16 — 1™ 40°.49 — 2” 28.01 
and the same values, with their signs changed, are used for the 
east transit. These being applied to the observed times, we have— 


East. West. 
L1G? dr 532.83 19° 30% 9*.97 
UL 54 .06 9 .54 
Il 53 .96 9 .54 
IV 54 .00 9 .80 
Vv 53 .96 9 .84 
VI 53 .49 9X 
VII 54.01 9.49 
Lie 16 e1E 255400 FUE Ihe Bubs CM aye 
NT a eT AT ded o=98 
Pos Ta tG seal DS Kea AO eS O7S95 
19 8157.95 16 18 41.61 
s SUM — 7 OCA Dens Sebi 1 BOW Sera ly 
== 1] 52 34742 { Sa = 24° 47 2 BO 


A= 15 .36 
= (° BY 50” 
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Hence, by (169) and (170), 


log tan 6 0.0996440 
log sec # 0.0419648 


= 918 
1 2 9.9999997 Coe 
Us SOB : loge 0.38385 
log tan Q 0.1416085 log sin g! 9.9089 
; ’ = 54° 10! 47" 41 log cosec 6 0.1064 
EE ME 26S eh cca 0.3538 
sin 6 
b= oot 


9 = 54 10 4746 


For the observations of August 3, we find, from the observed 
times on the middle thread, 


(Approx.) 3 = 1’ 39"'8".5 


and from the observed times on the side threads compared with 
the middle thread, 
I II Til v VI VII 
(Approx.) J, — 2” 30°8 —1™41*.2 — 0" 525.0 + 07 499.5 + 1419.5 + 2™ 308.8 
9 — 4, 1440 28.9 1°39 59.1 1489 34.5 1°88 43.7 1°3817.7 1°87 53.1 
with which we find the true values of J to be as follows: 
I, — 2” 815.28 —1™ 419,10 — 0 519.61 + 0” 509.55 + 1” 425.10 + 2319.52 


Applying these to the observed times, and taking the means, we 
have— 


East. West. 
ff = UGS Ie Zl ie NORE OTaAA sO 
Mis An Oe OB AT? = 094 
T +aT—16 18 27.96 T + aT’ —19 81 45.75 
hes OF WY Sy", & = 24°47’ 1387.5 
With these we find, taking now ec = — 2’.18, 
g' = 54° 10’ 50”.25 
1 td 
Sas — —2 ~26 
sin 6 
b= == J 


g— 54 10 46 08 


The mean of the results in the two positions of the instrument 
is, therefore, g = 54° 10’ 46.77. From numerous observations 
of the same kind, Hansen found g = 54° 10’ 46/.53. 
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179. To find the latitude when the instrument is reversed between the 
east and west transits of the same star on the same night.—Reduce the 
observations to the middle thread, and let 7’ and 7’ be the mean 
of the resulting clock times at the east and west transits, respect- 
ively. If the middle thread was north of the collimation axis at 
the east transit, it will be south of that axis at the west transit, 
and the interval 7’ — T will be sensibly the same as the interval 
between the two transits over the collimation axis itself. We 
may, therefore, compute the latitude precisely as in the preceding 
method, and regard ¢ as zero. Thus, our formule will be 

Sy fat) = (Ta Dy ’ 

A=A4A[ 7’ 4+ aT’ + T+ AT]—« 

tan g’ = tan 6 sec # cos 2 

g=97t+) 
in which 6 is the mean of the level determinations in the two 
positions of the axis, and is, therefore, free from the error of 
inequality of pivots. This method, then, enables us to obtain 
from the observations of a single night a value of the latitude 
free from all the instrumental errors.* We may remark here that 
the result by this method, as well as the mean of the results of 
two observations in reverse positions of the axis by the preceding 
method, is free from errors arising from flexure of the rotation 
axis. 


(173) 


Examprr.—The following observations were taken at Cron- 
stadt with a transit instrument in the prime vertical, the axis of 
which was reversed between the east and west transits. 


1843, August 9: Cronstadt. Assumed ¢ = 59° 59’.5. 


Circle South. ii II Til EV: 45 Level. 


E. |y Cassiopex|13™ 23s, |17™ 46s, | 04 24™ 6s, | 31329. | oo... + 5”.36 
db Cassiopex|20 32.|28 6./0 26 21.|29 19. |82™44°.| 4.5 .56 | 
Circle North. 


W. ly Cassiopex aicesmrecis [m 98, | 1h 9m 55s, | 15m 268, | 20™21s. — 2.10 
—2 .08 

5 Cassiopexe|57™ 36.; 0 45.|2 4 11.| 7 0.) 9 60. ae 
10 


* There is a theoretical inaccuracy in finding A, since this quantity will be affected 
by the collimation error; but the error will have no sensible effect upon the cosine of 
so small a quantity, unless ¢c is unusually large. It will, indeed, be always inappre- 


ciable when the observer has bestowed ordinary care upon the adjustment of the 
middle thread. 
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The level was observed before the east transit of + Cassiop. and 
after that of 6 Cassiop.: so that the mean 6 = + 5/’.46 will be 
used for both stars at the east transit. But at the west transit 
the level was observed before and after each star: so that for 
7 Cassiop. at this transit we shall use 6 = — 2/'.09, and for 
0 Cassiop., b = — 1/’.30. 

The threads are numbered from the circle end of the axis, 
and thread I. was first observed at both the east and west 
transits. The equatorial intervals from the middle thread were— 


il II IV v 
(Circle North) 7, + 34°40 + 18°.74 — 16°14 — 83°.33 


The collimation constant, as found from observations in the 
meridian, was ¢ == + 4/’.50 (in arc) for “circle south.” 

The chronometer correction (sidereal) was + 80°.20 at 0” 24”; 
its daily rate, + 0°.90. 

The apparent places of the stars for this date were— 


a 0 
x Cassiopece, 0* 47" 21°.49 + 59° 52’ 2.3 
6 Cassiopee, 1 15 40.38 + 59° 25 6 .2 


To reduce the observations of 7 Cassiopee, we first find the 
approximate value of # from the difference of the observed times 
on the middle thread to be 


o = 0* 22” 54°.5 


from which we find, by (172), the reductions of the side threads 
to the middle thread to be as follows: 


I II IV V 
y Cassiop. B. + 10" 43°.2 + 6" 19°.7 — 7™ 235.9 
«OW. ee +8 55.6 —5 82.2 — 102604 


Applying these, and proceeding by (178), we find, — 
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East. West. 
I 0* 24 65.2 Thm as 
II Saif 1 95166 
III 6 .0 55 .0 
IV 8.1 53 .8 
V ee 54 .6 
T= 0) 24) 4600 T'—1 955.3 
AT = + 30.2 AT’ = + 30.2 
T+aT=0 2436.7 T’ + aT’ =110 25.5 
1 10 25.5 0 24 36.7 
* sum = 0 47 31 1 + diff. — 0 22 54.4 
a = 0 47 21.5 = Sh ss BS ABV OG 
A= 9.6 
= 0° 2! 24”. 


log tanéd  0.2362409 
log sec # 0.0021729 
log cos 4 9.9999999 
log tan g’ —_—<0.2884187 
yg! — 59° 59! 29.78 
6 = 3 (57.46 — 27.09) = + 1 .69 
@ == 59" 59181) 47 
The observations of 7 Cassiopec, reduced in the same manner, 
give o = 59° 59’ 30/’.98, and the mean is g = 59° 59’ 31’’.23. 
The preceding methods of reduction leave nothing to be 
desired when the intervals of the threads are known. When, 
however, these are unknown, we may resort to one or the other 
of the following methods, according to the nature of the obser- 
vation. 


~ 


180. To find the latitude from the observed transits of a star over the 
prime vertical, east and west of the meridian, when the instrument is 
reversed only between the observations of different nights, the intervals 
of the threads being unknown. 

Put 


C 
oe 


the distance of any thread from the collimation axis, 

4 the elapsed sidereal time between the east and 
west transits over the same thread when the circle 
or finder is north, 

8, = ditto for the same star when the axis is reversed, 


b,, 6, = the level constants in the two positions ; 


then, by (169) and (170), we shall have 
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tan g, — tan 0 sec 3%, cosa 
tan ¢, = tan 6 sec 4 cosa 


e sin 
e=9, +b, +—— 
sin 0 
csin g, 
g=¢, + 6, — —— 
sin 6 


The last two equations involve but two unknown quantities, 
gy and ¢, both of which may, therefore, be determined. Put 


g=t¢,+5, + ¢, +2) 
y= 3 (¢,  °, = ¢,.— )) 


then our equations become 


c sing, 
Dey [fp ee ee 
sin 6 
c sin ¢, 
OE a eed (ea baa ee ee 
sin 0 


Multiplying the first by sing,, the second by sing,, and adding 
them together, we find 


sin g — sin 
ee | a 2 = y tan 3 (y, — ¢,) cot? (¢, + ¢,) 
sin g, -+ sin ¢, 
Since 7 is very nearly equal to $(¢, — ¢,), the second member of 
this equation involves the square of 7, and is, consequently, an 
exceedingly small quantity, in computing which we may, evi- 
dently, put y = 4(¢, — ¢,) and substitute o for $(¢, + ¢,), whereby 
we obtain 
G~=f, —i/7 sin 1” cot g 

This method may, therefore, be expressed by the following 
equations: 

tan ¢, — tan 6 sec 3 cos A 

tan g, = tan 6 sec 4 cos A 


%=3(%, + 4, + 9, + 4) (174) 
Ag =i(¢, — ¢,)’ sin 1” cot ¢g 
a ly NY 


in which the assumed value of g may be used in computing ag. 


181. In this form of the method, only pairs of observations 
of the same star made on different nights in reverse positions of 
the axis can be reduced. But it often happens that the observa- 
tion on a thread is lost, and the corresponding observation on 
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the same thread in the reverse position of the axis becomes useless. 
In order to avail ourselves of every observation, we may, after a 
sufficient number of observations have been made on the same 
star, determine for this star the mean difference between g and 
yg, + 5, and between g and g,+ 6,, and these differences may be 
used to reduce the observations on the several nights independ- 
ently of each other. Thus, if we put 


4,9=¢—(¢,+ b,)=—ile,—¢,+ b,— >) — Ae 
4,¢ =¢9—(¢,+4)=+i¢, —¢,+ 4,— 4, — de 


each complete pair of observations on two nights furnishes a 
value of 4,g and a,g, and, the mean of all being taken, any indi- 
vidual observation may be reduced by the formulee 


tan g = tan 6 sec 3 cos A g=¢,+b+A¢ 
OL, tan ¢, = tan 6 sec 3 cos 2 g=o¢,+ b, + A.¢ 


This method of reduction is given by Professor PEIRCE.* 


182. The quantity 2, which is the difference between the right 
ascension of the star and the mean of the sidereal times of obser- 
vation on the same thread east and west of the meridian, should 
have the same or nearly the same value throughout the series of 
observations, since any change of sufficient magnitude to affect 
the value of eos/ sensibly will give different values of ¢, or g,, 
and, consequently also of a,g or a,g, which are here supposed to 
be constant. To secure this condition, the stability of the instru- 
ment in azimuth must be secured, or it must be verified. and 
corrected from time to time by means of a terrestrial mark to 
which the middle thread is referred. 


183. The factor cosA may be omitted (not only in this, but in 
all other methods) throughout the reduction of a series of obser- 
vations where it can be regarded as constant, and a small cor- 
rection for the azimuth of the instrument can be applied to the 
final mean latitude. If we denote this mean by (¢), found by 
neglecting the factor cos A, the true latitude will be found by the 
formula 

tan g = tan (¢g) cos 2 


* In a memoir on the latitude of Cambridge, Mass., Memoirs of Am. Academy of 
Sciences, Vol. II. p. 183 
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or 
¢ =(¢)— 1#¥sin 1" sin 2¢ (175) 


If the azimuth deviation a is required, it may be found by the 
second equation of (167), which gives, very nearly, 


sin d = sin Asin g (176) 

If the azimuth of the instrument is known independently of. 
the observations for latitude, we have, by substituting a for Asin g, 
¢ =(¢)— da’sin 1” cot ¢ iG) 


184. The thread intervals may also be found; for the difference 
of the equations for g, Art. 180, gives 

(gy, + b,— 9, — 8,) sin 6 
2ain 3(¢, + 9) C08 4(¢,—@) 
for which we may take 


(== 


_ (A,¢ + Ag) sin d 

; gin g cos Ag 

or, In most cases, (177) 
ae (4,¢ + Ag) sin d 

oar. sin g 


C 


This will give the distance of each thread (the middle thread 
included) from the collimation axis, whence we can deduce the 
distance of each from the middle thread. 


ExampLe.—Let us apply this method to the reduction of the 
observations taken at Heligoland by Hansen, given on p. 249. 

Beginning with the observations of July 31, “circle north,” we 
find 3, for each thread by taking half the difference of the 
observed times on this thread, east and west, and correcting for 
the clock rate in the interval, which is here + 0°.28. The value 
of 4 may be found accurately enough from the middle thread 
alone. Thus we have 


Mean of times on middle thread = 17" 51” 1°.9 
Clock corr.—= + 1 48.0 
Sid. time = 17 52 49.9 
Star’sa = 17 52 34.4 
ee Lovie O22 
Hence we have log tan d cosd = 0.0996437, which will be used 
for all the threads, the value of log cos &, for each thread being 


subtracted from it to find log tan g,, as follows: 
Vou. IIl.—17 


Vil 


a 


1 


1* 36” 339.38 


37 
38 
39 
39 
40 
4] 
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o, 


25 .28 
16 .03 

8 .18 
58 .88 
48 .78 
36 .03 


log cos 0, log tan 
9.9602592 0.1393845 
9.9595210 0.1401227 
9.9587918 0.1408519 
9.9580351 0.1416086 
9.9572996 0.1423441 
9.9565540 0.1430897 
9.9558485 0.1437952 


Dn 


54° 2! 25'.76 


5 12 
7 56 
10 47 
13 33 
16 21 
18 59 


36 
84 
43 
16 
07 
87 


‘“‘ circle south,” we find 


Mean of times on middle thread = 17* 50” 35.7 
Clock corr. + 2 06 

Sida tinve —— ae 2 oOrS 

Os ll Be By) Al 


From the observations of August 8, 


log tan 6 cos 4 = 0.0996457 = 1907 29" 

Thread. Ue log cos &, log tan ¢, bs 
I 1? 41" 392.29 9.9557996 0.1438461 By 1 I aie 
II 40 49.79 9.95653889 0.1431068 1624 793 
III 40 0.54 9.9572678 0.1428779 13 40 .80 
IV 3)» te) et 9.9580299 0.1416158 10 49 .07 
V 88 19 .04 9.9587483 0.1408974 oe ee 
VI 37 27 .04 9.9594958 0.1401499 5 18 .50 
VII 36 37.79 9.9601968 0.1894489 2 40 .380 


With the assumed latitude g = 54° 10’.8, we find log } sin 1’’ 
eot g = 8.9419, and the computation of ag for each thread is as 
follows: 


Thread. dn— ds 10g (dn — os)? log Ag Ad 
I | — 16’ 45.56 6.0046 9.9465 0.88 

II —11 12 .57 5.6556 9.5975 0 .40 
ae — 5 43 .96 5.0730 9.0149 0 .10 
IV — 0 1 .64 0.4296 4.3715 0 .00 
\e + 5 26 .05 5.0264 8.9683 0 .09 
VI +11 2 57 5.6426 9.5845 0 .38 
VII +16 19 .57 5.9820 9.9239 0 .84 
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We have 6) =— 2’/.21,6,= — 1.91, 4(6, + 6) = — 2/06; 
and hence the several values of the latitude given by the different 
threads are found as follows: 


\ 


Thread. | 3 (n+ %) do $ 
I 54° 10! 487.54 46.48 45.60 
II 48 .65 46 .59 46.19 
JUUE 48 .82 46 .76 46.66 
IV 48 .25 46 .19 46.19 
V 50 .14 48 .08 47.99 
Wal 49 .79 47.13 47.35 
Wat 50. 09 48. 03 47.19 
Mean A674 


Hence g = 54° 10’ 46.74; which agrees within 0/’.03 with the 
result found on p. 251. The slight difference is perhaps due to 
small errors in the thread intervals employed in the former 
method. 

The values of a,g and a, for each thread may be found as 
follows : 


Thread. 3 (dn—¢s) |2(¢n—be+-Fn—25) And Ap 
T | —8 22778 | —8 227.93 | + 8! 22”.05 | — 8! 23" 81 
II | —5 386 .29 | —5 36 44 | + 5 36 .04 | —5 36 84 
III | —2 51 98 | —2 52.13 | + 2 52 .038 | —2 52 .28 
Iv |—0 0.82 |—0 0.97 |+0 0.97 |—0O 0.97 
V | +2 48 «038 | + 2 42 88 | —2 42 .97 | 4 2 42.79 
VI + 5 81.29 | + 5 31.14 | —5 31 .52 | + 5 30.76 
Vil +8 9.79 |+8 9.64 | —8 10 48 | +8 8 .80 


When 4,9 and a,g have been thus determined from a consider- 
able number of observations, their mean values may be used to 
reduce the observations of each night separately. 

We may now also find the thread intervals themselves by the 
formula (177), which gives 


I II Il IV Vv VI Vil 
ce, + 32°37 + 21°65 + 11°08 + 0°06 —10°.48 — 21°31 —31*.51 


which are the distances from the collimation axis. The equa- 
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torial intervals of the side threads from the middle thread are, 


therefore, 
I iat WI V VI Vil 


i, + 82°81 + 21°59 + 11°02 —10°54 — 21°37  — 31°.57 


which agree with those given on p. 249 as well as can be expected 
when but four observations on each thread have been taken. 


185. To find the latitude from the observed transits of a star over thé 
prime vertical when the instrument is reversed between the east and west 
transits, the intervals of the threads being unknown.—Let 


zt, 7 = the hour angles of the star on the same thread at the 
east and west transits; 


then, ¢ denoting the distance of the thread from the collimation 
axis, we have 


— sinc = sin n sin 6 — cos n cos 6 cos(t — 2) 
sin ¢ = sin n sin 0 — cos 7” Cos 6 cos (7’— 2) 


the sem of which gives 
cot n = tan 6 sec 3(r’ — r) see [4 + 17) — 2] 
But by (167) we have 


cot n cos A = tan (g — f) 
and therefore 


tan (g — #) = tan 6 sec 3 (c’ — r) sec [4 (¢’ + rt) —A] cosa 


in which # = inclination of the rotation axis; and in this case, 
if 6 and 0’ are the inclinations in the two positions, we take 
p=3(0 +5"). 

If now, to avoid all further consideration of the clock rate, we 
suppose all the observed times to be reduced to some assumed 
epoch (7’) at which the clock correction is a7, and put 


T, T’ = the clock times on the given thread at the east and 
west transits, respectively, reduced for rate to the 
assumed epoch ( 7’), 

T,, T= the same for the middle thread, 


} rl 
we have 


ce TAP eg : toa AP 
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and, since the middle thread is very near the collimation axis, 
Sn Tee Den Tg 


3(c’ — tr) = 4(T7’ — T) = S elapsed sid. time, 
a att) eae Te Cl ay) 


Hence, if we adopt the following more simple notation, 


2% = the elapsed sidereal time between the east and west 
observations on the same thread — 7” — T, 


t=the mean of the observed times on that thread 


=4(2'+ 7), 
t, = the mean of the observed times on the middle thread 
= 2(T/ + 1), 
and put 
y= t— 7, eat, RUA Dea 


we shall have 
tan ¢’ = tan 6 sec 9 sec y cos aA 


g=¢7+40-+ 0) } are 


This method of observation and reduction has the same 
advantage as that of Professor PErrcg, in not requiring a know- 
ledge of the thread intervals; and it further enables the observer 
to reduce each observation independently of all others, and thus 
to obtain a definite result from one night’s work. 


Exampie.—Let us apply this method to the observations taken 
at Cronstadt, given on p. 252. 

For the star 7 Cassiopee we have but three threads to reduce, 
since thread I. was omitted at the west and thread V. at the east 
transit. For the others, we proceed as follows: 


COPE ED log tan 6 0.2362409 
APES e302 log cos A 9.9999999 
Sid. time — 0 47 30.7 log tan 6 cos 2 0.23862408 


a=0 47 215 
A=0 0 9.2=2/18" 


Neglecting the chronometer rate, which is insensible in these 
intervals, we have 
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Il Ill IV 

t| 0% 39" 24e, 0*47™ 09.5 0 53” 29°. 
fot=~| 0 97 36,611 (0p Omer 0 6 2835 

9} 0 21 38. Qu22e 4s Onatnar. 
log see y| 0.0002393 0.0000000 0.0001733 
log sec 8] 0.0019377 0.0021732 0.0019949 
logtang’| 0.2384178 0.2384140 0.2384090 

g’'| 69°59'30".6 | 59°59'297.8 | 59°59’ 28”.8 


Mean g’ = 59° 59’ 29.73 
a Nese oe ik Ae) 
e@=59 59 31 42 


For 6 Cassiopee we find, in like manner, A= 1’ 27’’, log tan 0 cos2 
= (.2284881; and from the several threads, 

if II Til Ly, ay 
y OF 6m 12s, OF 3m 2055 0 Om Os, O* 2” 538.5 OF 6m Te 
90 48 32. 0 48 49.5 0 48 55. 0 48 50.5 0 48 88. 
¢! 59° 59’ 28".8 59° 59 80".1- 59° 59 287.8 9°. 59 29".1 9° 59’ 287.9 


Mean ¢g’ = 59° 59’ 28’.90 
nO == + 2 .08 
@== 09 59.30008 


The mean result by the two stars is, then, g = 59° 59’ 31’’.20, 
which differs only 0’’.03 from the result found on p. 254, where 
the thread intervals were used. 


186. To find the latitude from the observed transits of a star over the 
prime vertical, east and west of the meridian, when the instrument is 
reversed, at each transit, between the observations of the star on opposite 
sides of the prime vertical. (StRUVE’s method.) 

When the star passes near the zenith, the intervals between 
its transits over the threads become sufliciently great to allow 
the observer to reverse the instrument between the observations 
on two threads. He may then, first, observe the star at the east 
transit on all the threads on one side of the middle thread or 
prime vertical, and, reversing the axis, secondly, observe the star 
on the same threads on the opposite side of the prime vertical ; 
then, allowing the axis to remain in the last position, thirdly, 
observe the star at the west transit on the same threads, and then, 
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reversing the axis, fourthly, observe the star on the same threads 
on the same side of the prime vertical as at first. By this mode 
of observation the same thread is alternately a north and a south 
thread at precisely the same distance from the collimation axis 
at each of the four observations made upon it. Now, in the 
equation (166) we have ct — 4 = } elapsed sidereal time between 
the east and west transits over the same thread in the same 
position of the axis: so that, if we put 


t = 3 elapsed time between the two observations on a thread 
in One position of the axis, 

t’ = ditto for the same thread in the reverse position of the 
axis, 


we have, c being the distance of this thread from the axis, 


— sin c = sin n sin 6 — cos n cos 0 cost 
sin ¢c = sin n sin 6 — cos 2 Cos 6 cost’ 


the sum of which gives 
cot n = tan 6 sec $(t + t’) sec 4 (t — t’) 
But by (167) we have 
cot n cos A = tan (¢g — f) 


in which for 8 we must here employ the mean of the level 
determinations in the two positions, or 8 = 4(6-+ 06’). Hence, 
denoting y — f by ¢’, we find 


tan ¢’ = as 6 sec} (t + t’) sec? (¢ — t’) cosa \ (179) 
ee Shy 


where A will be the same for all the threads, and may be found 
with sufficient accuracy from any single thread by taking the 
difference between the right ascension of the star and the mean 
of the two sidereal times of observation on that thread.* 

Each thread thus gives a value of the latitude free from all the 
instrumental errors. The clock errors, however, have nearly the 
same effect as in all the other methods: error in the clock rate 
affects ¢ and ¢’; error in the clock correction affects 2. 

When there is time, the middle thread may also be observed, 


* Or we may neglect the factor cos”, and apply a correction to the final mean 
latitude, as in Art. 183. 
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once as a north thread and once as a south thread, and the lati- 
tude will be found from it, according to the method of the pre- 
ceding article, by the formula 


tan g’ — tan 6 sect cosa 


where ¢ will be one-half the elapsed sidereal time between the 
observations on the middle thread. In taking the mean, the 
value of the latitude found from the middle thread should have 
but one-half the weight of the value on any other thread, since 
it depends on two observations instead of four. 

This method is not much used in the field, as portable instru- 
ments, usually not very firmly mounted, and never provided with 
reversing apparatus, cannot be quickly reversed without risk of 
disturbing the azimuth. 


Exampie.*—In the following observation, the axis was re- 
versed immediately after the star had crossed the middle thread 
at the east transit, and was then left in the same position until 
after the star had crossed the middle thread at the west transit, 
when it was again reversed, and, consequently, restored to its 
first position. 


Cronstadt, August 16, 1843. 


East transit. West transit. 
0 Cassiopex. 
6=+ 1".7 b=—-+ 1".2 
Thread. Chronometer. Chronometer. 


(| L | 20-185 | 2 9” 50-5 
Circle S.J] It | 0 22 56. | 2 7 16. 
(| Tso) 96) ore eee 

JHGE th © Sheddcos Dr nb (8\x 

Cite} bl 0 29 388. DAO P88 
I | 0 82 45. | 1 57 24. 

ee 


The chronometer correction at 1* 15" was + 40°.1; its daily rate, 
+ 1°.74 on sidereal time. The star’s place was 


oa 1b" Ae IE 0 = 59220) Jo 


* Sawirscu, Pract. Astron., Vol. I. p. 877. 
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We find from the middle thread 4 = 3°.9, cos = 1. The com- 
putation for the several threads may be arranged as follows: 


I II ere 


Diff. obs’d. times S. | 1* 49” 32¢.0 144" 2080 1 37 512.0 


Chron. Rate + 0.1 + 0O.1 + 0.1 
Diff. obs’d. times VW. | 1 24 389.0 1 30 54.0 
Chron. Rate ean Oe | + 0O.1 
2t 149 3201 14442041 elope 
ZO rend? 59 1 1 30 54.1 
+¢+t') | 0 48 382.8 0 48 48.55] 0 48 55.55 
Et PO 56 “13-8 Ones eat 5 
log sec} (¢ + t’) | 0.0098171 9243 9722 
log sec (t — t’) | 0.0001600 0466 ; 
log tan dcos 2 | 0.2284455 4455 4455 
log tan g’ | 0.2384226 4164 4177 
g’ | 59° 59’ 31”.61 30.33 30/60 
B — 0 85 — 0 .85 — 0 35 
g | 59 59 31,.26 29 .98 30 .25 


Giving the value found from the middle thread but one-half the 
weight of either of the other two, the mean is g = 59° 59! 30/’.55. 


187. To find the latitude from stars observed at only one of their 
transits over the prime vertical.N otwithstanding the simplicity of 
the preceding methods, it is not always possible to apply them 
in the field. If the observer has but a short time to remain at 
a station, he may fail to find a sufficient number of bright stars 
which pass near his zenith, and, if he uses those which pass at 
greater zenith distances, much time is lost in waiting. But if 
he can use stars observed at only one of their transits, he may in 
two or three hours obtain sufficient data for a very accurate 
determination of his latitude. The following method is based 
upon that originally given by Bussnt,* with some modifications, 
which appear to me to facilitate its application. 

If in the general equation (166), where ¢ denotes the distance 
of a thread from the collimation axis, we substitute 7 + ¢ for this 
distance, denoting now by 7 the distance of the thread from the 


* Astron. Nach., Vol. VI. Nos. 131 and 182. 
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mean thread, and by ¢ the distance of the mean thread from the 
axis, we have 


i+c=W— sin nsin 6 + cos n cos 6 cos (t — A) 


in which ¢ is the hour angle of the star, and n and 4 are deter- 
mined by the conditions (167). 

Each thread gives an equation of this form. The mean of 
these equations may be found by the aid of our Tables VIII. and 
VIIL.A., according to the method already explained in Art. 173. 
Thus, 7’ being the mean of the observed times on the several 
threads, J the interval obtained by subtracting each observed time 
from th’s mean, :: era log k the mean of the several values of 
these quantities taken from Table VIII. with the argument 
we have 

T=T+% 
and, since here r is the west hour angle, 
t,== T,+aT—a« 


Then, 7, denoting the mean of the equatorial distances of the 
threads from the mean thread, we have 


cos n Cos 6 Cos (t, — A) 
k 


e-+%—=— sinnsin 6 4 
or, putting 
il 
y cos 6, = — cos 6 
k 


y sin 6,= sin 0 
the mean equation is 
Cat 


. — sin n sin 5,-++ cos n cos 6, cos (t, — a) 


Developing cos(rt,— 4), and substituting the values of sin n, 
cosn cos 4, cosn sin A, from (167), 


e+7 : ; : 
— = —h cos(g—f)sin 0,-++-hsin(g—f)cos 5, cost,-+sin a cosh cos 6, sin z, 
in which / and f are determined by the conditions 


Asin 6 = sin db 
h cos ? = cos b cos a 


But, since we can always put cos b = 1, these conditions give 
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6 = # cosa, and h = cosa; and even if a were as great as 1° and 
b = 20’’, we should have 6 = 8 — 0/’.008: so that we may always 
puto — Bp. 

We shall here assume that the instrument can be readily 
brought within 20’ of the prime vertical, and then we may safely 
take h = cosa = 1, and substitute a for its sine. Hence we have 


e+ 4%, 


* —=— cos (g —b) sin 6, + sin (g — 6) cos 6, cos t, + @ Cos 6, sin 7, 


Let g, and z be determined by the conditions 


cosz sin g, = sin 6, 
COS 2 COS ¢, — COS 6, COS T, 
sin 2 = cos 6, sin 7, 
then 


“ = sin(g — g, — b)cosz + asin z 
where g — g,— 6 must be of the same order as a and ¢ + %, and 
therefore may be substituted for its sine. Again, since in this 
method of finding the latitude no observation will be regarded 
as having any value unless some threads on each side of the 
mean thread have been observed, 7, will always be so small that 
no error will arise in practice by putting 7 = 1.* Our equation 
is, therefore, 
¢ +i1,=(¢ — ¢,—b)cosz + asinz 

Now let 

¢) — the assumed latitude, 

d, —= the assumed azimuth of the instrument, 

Ag, Aa = the required corrections of these quantities; 


then, substituting g, + ag and a, + aa for g and a, dividing the 
equation by cos z, and denoting the known terms by f, 7.e. putting 


f=¢,+5—¢g,—4, tan z + 1, sec z (180) 
we have 
esec z — Aatanz—ag4t f=—0 (181) 


which is the equation of condition furnished by each star. From 
all the equations thus formed, the most probable values of ¢, aa, 
and ag will be found by the method of least squares. 


* Should an extreme case occur where the true value of y was required, it could 


: las L A 2 
readily be found by the equations y cos 0, = : cos 0, y sin 0, = sind, 
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The values of gy, and z will be most readily found by the 


formule 
tan gy, = tan 0, sec t, = k tan 6 sec 7, (182 
tan z = tan, COs ¢, 


and it must be observed that tan z will be negative when tant, 
is negative, that is, when the star is east of the meridian. The 
sign of the term csecz must also be changed when the axis of 
the instrument is reversed. 


Exampin.—The following observations (among others) were 
taken by BussrL with a very small portable transit instrument, 
for the express purpose of demonstrating the advantages of this 
method.* 


Munich, 1827, June 27. 


Circle North. I Il Ill IV V Level. 


x lyre  Bj48" 6°.4/46” 54°.4)11"45"439.2/44™ 31°.2)43™ 16%.8|+ 44.875 
v Herculis W.| 9 86 .4)11 38.412 18 36.815 84.8/17 35 .6)+.0 .403 
yCygni = Hj29 388 .0/28 47.2)12 27 55.227 2.626 8.0/\4-0.117 


Circle South. 
gHerculis W.|44 47 .2/48 19.2/12 41 49.2/40 17 .2/88 387 .6|\—1 .966 
66 Cygni H.j48 40.8)50 5.6)12 51 31.2)52 59.6/54 32 .8|—1 .876 


These observations were taken in the garden of Dr. StHINHEIL’s 
house, where the assumed latitude was 48° 8/ 40’. 

The chronometer was a pocket mean time chronometer of 
KussEL. Its correction to sidereal time at 12” (by chron.) was 
AT= + 5° 1” 3°.31,¢ and its rate on sidereal time: was + 9°.19 
per hour. 

The equatorial intervals of the threads from the mean of all, 
expressed in seconds of are, were as follows, for circle north; 


I II III IV A 
+ 598”.08 + 8037.09 +6"19 —294".91 — 612'.46 


The value of one division of the level was 4/’.49. The pivots 
were of unequal thickness, the correction for which had been 
previously found to be — 1/’.89 for circle north. 


* Astron. Nach., Vol. IX. p. 415. + See the example on p. 234, 
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The apparent places of the stars on the given date were as 


| 


follows: 
a (a) 
a Lyre Ie BOD olyae || AIBS© ales? gyri? aie | 
odierculis | 1s 57 “27.501 46.581 23ner 
vy Cygni 20 16 4.59 | 89 42 32 .96 
¢ Hercilis |-16" 3 21.85 | 45-238 °40 .03 
66 Cygni 195 3575383 81 |) 45° 7 1489 


We shall illustrate the use of our formule 
reduction of the observations of z Zyre in full. 


ploying the mean time columns of Table VIIL., 


by giving the 
We have, em- 


Hence we have 


T =T += 1145" 42°40 
IE ee eT aa 


T,+aT= 16 46 48.52 
ares LS DU 7.14 


Fey, 


1 


log sec tr, 0.0662574 
log tan 6 9.9806553 
log k 0.0000120 


log tan g, 0.0469247 


3 24.22 — — 30° 51’ 3”3 


log tan r 
log cos ¢, 
log tan z 
log sec z 


1 


n9.77621 
9.82476 
n9.60097 
0.03208 


m Lyre th it % log & 
if 11* 48" 6:.4 — 2™ 248.0 — 0°.04 0.0000239 
aL 46 54.4 —1 12.0 0 .00 60 
TEE 45 43.2 — 0.8 0 .00 0 
TY 44 31.2 +1 11.2 0.00 59 
Ve 43 16.8 +2 25.6 + 0.04 244 
Means} 11 45 42.40 0 .00 0.0000120 


We shall assume g, = 48° 8’ 40’, a) = 7’ 52’, as in the compu- 
tation given by BrssrL ;* and hence we have 


* These quantities are, of course, arbitrary; but it simplifies the equations of 
condition to make them as nearly correct as possible. 


azimuth may be found from any star by the formula a= (¢, — @o) cotz. 


An approximate value of the 
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y, = 48° 5 21.64 


b= + 20 .00 
—a,tanz= +3 38 33 
48 8 49 .97 

i + 9.97 


The equation of condition from z Lyre is, therefore, 


1.0767 ¢ + 0.3990 aa — ag + 9.97 = 0 


In the same manner, the equations for the other stars are found 
to be 


1.0269 ¢ — 0.2386 aa — ag + 10.83 — 0 

1.1645 ¢ + 0.5967 aa — ag + 15 .93 — 0 
<h0AGSe == 0.809 Aa Ape 17 0l 0 
— 1.0504 ¢ + 0.8214 aa — ay — 12 62 — 


From these five equations we find the normal equations, 


5.7688 ¢ + 0.8708 aa — 1.1709 ag + 71.46 — 0 
0.8708 ¢ + 0.7688 aa — 0.7741 ag + 12 .16=—0 
— 1.1709 ¢ — 0.7741 aa + 5.0000 ag — 7 .10=—0 


whence 


ec = — 12” .19 Aa = — 4” 09 
Ag = — 2”.06 with the weight 4.203 


Substituting these values in the equations of condition, we 
find the residuals as follows: 


v vv 
— 2".72 7.40 
+ 1 383 peer 
+1 36 1.85 
— 0 .92 0.85 
+0 .93 0.86 
Eo 12.73. 


The number ef observations being m = 5, and the number of 
unknown quantities “ = 3, the mean error ¢ of a single observa- 


tion is 
ce | fev) i 21.52 
m— p. 
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and the mean error of ag is 


2" 52 
£5 << ae 
//4.208 
Hence we have, finally, 


"oO 


gy = 48° 8 387’.94 with mean error + 1/.23 


The true latitude, found by referring the position of the in- 
strument to the Observatory of Munich, was 48° 8’ 39/’.50. Thus, 
five ebservations, taken within about one hour with a very small 
instrument, sufficed to determine the latitude within 1/’.5. From 
the observations of two other evenings combined with the above, 
the latitude found by Brssen was 48° 8’ 40/7.08, which was only 
0/’.58 in error. 


DETERMINATION OF THE DECLINATIONS OF STARS BY THEIR 
TRANSITS OVER THE PRIME VERTICAL. 


188. The transit of a star over the prime vertical has been 
used in the preceding articles to determine the latitude of the 
place of observation when the star’s declination is known. 
Conversely, if the latitude is otherwise known, the observation 
may be used to determine the star’s declination. The modifica- 
tions of the formule given in Arts. 177, &c., necessary for this 
purpose, are obvious. 

When the star passes very near to the zenith, the errors in the 
time of transit have comparatively small effect upon the com- 
puted declination; for, by differentiating the equation 


tan 6 = tan ¢ cost 


we find 
dé = — 3sin 26tant. dt 


so that the effect of a given error di in the hour angle upon the 
computed declination diminishes with the hour angle itself. 

But an error in the assumed latitude g is not eliminated, 
though in certain cases it will have less effect than in others; 


for we have 
sin 26 


sin 2g 


dé = dg. 


The several values of the declination of the same star deter- 
mined on different dates will, therefore, be affected by the con- 
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stant error depending upon the error in the latitude, but the 
differences in these values will nevertheless be accurately found. 
Hence, the most important use of such observations is not so 
much to determine the absolute declination of a star as the 
changes of its declination resulting from aberration, nutation, 
and parallax. 


189. In order to eliminate the instrumental errors in the most 
complete manner, StruvE proposed the system of observation 
given in Art. 186; and, in order to facilitate the application of 
this system, he gave a new form to the instrument constructed 
under his direction for the Pulkowa Observatory,—a form which 
has since been adopted in other observatories. 

Plate VI. exhibits the principal features of the Pulkowa prime 
vertical transit instrument,* made by Repsotp. The telescope 
TT is at the end of the horizontal axis DH, which rests in Vs at 
VV. The pier PP is of a single piece of stone. The apparatus 
for reversing the instrument is permanently secured within the 
pier, as shown in the plate, the vertical rod # and its arms aa 
being raised by the crank f by means of the bevelled wheels e, 
and thus lifting the telescope out of the Vs. When the telescope 
is lifted sufficiently to clear the Vs, it is revolved 180° (the exact 
semi-revolution being determined by a stop a), and is then again 
lowered into the Vs. The time required in this operation is but 
16 seconds; and if the astronomer has commenced an observa- 
tion with the tube north, he can continue the observation with 
the instrument reversed, tube south, after 1 minute and 20 
seconds, this time being sufficient for the observer to rise, 
unclamp the instrument, reverse it, and resume his position for 
the observation. Thus, even with an instrument of large dimeu- 
sions, the system of observation given in Art. 186 is easily carried 
out. 

The pressure on the Vs is in part removed by the counter- 
poises WW acting at VN. 

The pressure on the two Vs is equalized by placing at Da 
weight equal to that of the telescope. 

The level LL may remain upon the axis during reversal. 

The finder is similar to that described in Art. 120. 

The reticule at the focus m contains 15 vertical threads and 


* Description de Vobservatoire astronomique central de Poulkova (St. Petersburg, 


1845), p. 167. 
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two horizontal threads, as shown in Fig. 2. All the transits over 
the vertical threads should be made to occur exactly midway 
between these two horizontal threads, the telescope being made 
to follow the star’s change of altitude by a fine motion screw 
(not shown in the plate), the handle of which is within reach of 
the observer's hand. The equatorial interval between the ex- 
treme vertical threads is 15’ 15’’ or 61° of time. 

There is also a movable micrometer thread parallel to the 
transit threads. 

The field is illuminated by light thrown through the horizontal 
axis and reflected by a mirror at H# towards the reticule. 


190. Exampre.—The following observation was taken by 
STRUVE with the instrument above described.* 


1842. January 15. 0 Draconis. 


East Vertical.—5°.6 R. West Vertical.—5°.4R. 
Tube 8S. Tube 8. 
Level. + 40735 — 354.8 + 40.5 — 35.35 
40 4 39 .8 40.55 35.385 
40 4 35 8 40.5 35.4 
40 .4 35 .8 40.45 35.4 
Threads. 
17 9430737 19% 42” 51°.4 
su 55 68.65 42 138.65 
iil 55 44.4 41 38.0 
IV 56 22.25 40 59.85 
Vv Dia O26 40 21.7 
VI 57 40.9 39 41.4 
Ne Besa Wich, ERS IG) BS) 2 a7 
Tube N. Tube 8S. 
Sel Tie) 19? 36" 17*.35 
VI 1 45.5 385 387.0 
V 2 29.8 34 52.35 
RY: raed bad aif 384 98 
III 3 57.6 33 24.7 
II 4 39.8 32 42.1 
I 18 +6 26°35 19 81 55.6 
Level. + 3742 — 394.0 + 874.25 — 3847 
37 .2 89 .0 37 .25 38 .7 
37 .2 39 .0 37 .3 38 .7 
37 .15 Or 37 .25 38 .7 


* Astronomische Nachrichten, Vol. XX. p. 209. 
Vou. Il.—18 
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The value of one division of the level was 1/7.002. The lati- 
tude, y = 59° 46’ 18’’.00. The correction of the interval between 
the east and west transits for the rate of the clock was + 0°.09. 
The temperature of the air is recorded at the time of the obser- 
vation (in degrees of Réaumur), as the value of a division of the 
level depends. in some degree upon it. 

According to formula (179), the declination will be found 
from these observations by the formula 


tan 6 = tan ¢g’ cos 3(¢ + t’) cos 3(¢ — ?) 


where, @ being the mean inclination of the axis, we have gy’ =¢—f, 
t=} elapsed time between the observations on the same thread 
for “tube south,” t’ =the same for ‘tube north.’”’ We omit the 
factor cos A, because a fixed instrument can always be adjusted 
so accurately that we can put cos 4 = 1. 

_ But, instead of computing d directly by this formula, we may 
find an approximate value by using the constant value of g in 
the second member, and then apply a correction for the incli- 
nation #. Thus, we find* 


tan 6’ = tan ¢ cos 3(t + t’) cos $(¢ — t’) 
eae sin 20’ 
een 20 Cee 
d= 0! + ad 


in which we make ad additive by supposing ~ to be positive 
when the south end of the axis is too high. 

The distance ¢ of any thread from the collimation axis may be 
found from the two equations 


— sin ¢ = cos ¢ sin 6 — sin ¢g cos 6 cost 
sin C = COS ¢ sin 6 — sin ¢ cos 6 cost’ 


the difference of which gives 


sin ¢ = — sin ¢ cos 6 sin 4(¢ + t’) sin $(¢ — t’) (184) 


tan 0 tan ¢’ 
= es whence we readily deduce 


* We have ae 
tan 0’ tan @ 


sin (0 + 0’) 
sin (@ + 9) 


which gives the formula for Ad used in the text, when its sign is changed for the 
reason given. 


sin (6 — 6’) = sin (¢’ — 4) 
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The computation of the preceding observation may be arranged 
in the following form : 


— 
I II Tit IV Vi Vil VIL 

2¢ | 1% 48m 208.79 | 47m 58.09 | 45m 538.69 | 44” 378.69 | 43 218.19 | 42m 08.59) 40m 438.29 

W—E.{ oy 1 26 29.34/28 2.89) 29 27 19/30 56 .69 | 32 22 64] 33 51 .69| 85 13.94 

z(E+U/) | 0 48 42.58] 48 46.87) 48 50.22/48 53.60/48 55 .96| 48 58.05] 48 59.31 

a¢—t)| 0 5 27.86] 4 45.67) 4 6.62] 3 25.25) 2 44.64) 2 2.25! 1 22.34 
log cos 3 (#/ + t) | 9.9901167 0871 0642 0411 0249 0106 0020 
log cos ¢(l — #) | 9.9998765 9063 9301 9516 9689 9828 9922 
log tan @ | 0.2345728 5728 5728 5728 5728 5728 5728 
log tan 6’ | 0.2245660 5662 5671 5655 5666 5662 5670 

6’ | 59° 11’ 39/.00 39.04 39/23 38,90 39”,.12 39”.04 397.21 


Mean 0’ — 59° 11’ 39.077 
6 — + 07.806 Kes eee 0US1s 
d—59 11 39 .892 


By comparing the mean value of 0’ with the several values 
found from the different threads, we find the probable error of a 
single determination by one thread in the four positions is in 
this case only 0’’.08. This observation, however, was taken 
when the atmosphere was unusually steady. From a discussion 
of the observations of 29 days on this star, Srruve finds the 
probable error of a single determination by one thread to be 
0/’.125, and that of the mean of seven threads, consequently, only 
0/’.047. To this is to be added the probable error of the level 
determination, which, from the above example, is evidently ex- 
ceedingly small. Srruve concludes that, under the most favorable 
conditions of the atmosphere, the declination is determined by 
this method with a probable error of not more than 0/’.05, and in 
average circumstances with a probable error under 0/’.1. 


191. If we wish to compute the time of the transit of the star 
over the meridian of the instrument from these observations 
with the utmost rigor, we must take into account the difference 
of level at the east and west transits over the prime vertical. 
The effect of a difference of level is the same as that of a differ- 
ence of latitude: hence, differentiating the equation 


cos t = tan 6 cot ¢ 


in which c is the hour angle at the west transit, we have 


Agtand _ Ag sin 6 


1) Ne = == 5 
c simgsint sin g 7/[sin(g + 4)sin(g — 4)] 
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The mean of the times of transit over the east and west vertical, 
or 7), will be increased by $ar. Putting then f’ — f for ag, the 
correction of the time 7, will be expressed by the formula 


(8 — B’)sin 6 1 
aes 30 sin ¢ 7/[sin (g + 9) sin(g — 4)] a 


Thus, in the preceding observations, we have at the east transit 
8 = + 0/’.689, and at the west transit 8’ = + 0/’.924, and 


CT, == 187 438" 41709 
6 6 =e 7.23 AT, = — 0.08 
Corrected 7,==18 48 41 01 


We can now find the exact azimuth of the instrument. The 
clock correction at 18" 48" was + 8°.31, and the apparent right 
ascension of 0 Draconis was 18’ 48” 50°.17: hence 


Sid. time — 18% 48” 49°32 
a —18 48 50.17 


A= — 0.85 — — 12”.75 in are, 


where / is the angle which the meridian of the instrument makes 
with the true meridian. Hence, a being the azimuth of the 
rotation axis, we have, by the formula a = A sin g, 


a= — 11.0 


Finally, if we wish to determine the effect of the azimuth upon 
the observed declination, we have the formula 


tan Oy 


tan 6 == 
cos A 


in which 0, is the declination deduced by assuming cos 4= 1, 
and 0 is the true declination. From this we readily deduce 


6 — 6, =(#4)’ sin 1” sin 26 (186) 
and hence, in the above example, 
5 — 6 = 0".00017 
which is altogether insignificant. 


192. The extreme precision of the method is evident from the 
above example. Nevertheless, there remains yet a doubt as to 
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the perfect accuracy of the declination deduced, arising from the 
possibility of a change of azimuth between the east and west 
transits. It is evident from the formula 


sin c = — sin 7 sin 0 + cos n cos 0 cos (t — A) 


that an increase of 2 by the quantity a4 has the same effect as an 
equal decrease of the hour angle zc, and a change of — adinr 
produces a change of —4aA in the hour angles used in com- 
puting 0. To find the effect of this upon the computed 0, we 
have, by differentiating the equation 


cos tT = tan 6 cot ¢g 
with reference to c and 0, 
Ad = — Ar cos? 6 tan g sin t 
or, putting 444 for — az, and eliminating r, 


cos 6 1/[sin (g + 6) sin (g — 6)] 
zOA. 


COS g 


aa 0082 V [sin (¢ + 4) sin (@ — 4)] (187) 
: sin 2¢ 


INO == 


The following table, computed by this formula, is given by 
StruvE to exhibit the effect of a change of azimuth aa = 1”, for 
different values of g — d. 


¢—d Ad 

OSeOF 0’’.000 
0 20 0 .042 
0 40 0 .060 
i 0 0 .074 
20) 0 .108 
od) 0 .136 
4 0 0 .162 


The values of ad here increase very nearly asVg—06. For 
~ Draconis, the correction would be ad = 0/’.055. STRUVE inves- 
tigated the probability of a change of azimuth occurring in his 
instrument. He found that the fluctuations of the azimuth during 
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a whole year had not probably exceeded one second of are on 
either side of its mean value, and that even the extreme changes 
of temperature from winter to summer had not produced any 
sensible effect upon it. Hence he concludes that since the tem- 
peratures at the east and west transits of a star on the same day 
never differed by more than 2° R. or 44° Fahr., and generally but 
a fraction of a degree, the variations of the azimuth could not 
have produced any error which amounted to even 0/’.01. It is 
important to observe that, during the period referred to, the 
screws for adjusting the azimuth were not touched. 


193. Micrometer observations in the prime vertical When a star 
passes within a few minutes of the zenith, its lateral motion 
(across the threads) becomes so slow that the observation of the 
transit over the side threads would occupy too much time. The 
star may indeed be within the limits of the extreme threads 
during the whole time from its east to its west transit. In such 
cases, the movable micrometer thread takes the place of the 
fixed threads. This may be used in two ways: either by setting 
the micrometer successively upon round numbers, identical 
before and after reversing, in which case the observations are 
reduced precisely as those made on fixed threads; or by setting 
at pleasure and as often as the time permits, in which case the 
observations are reduced as follows. 

The micrometer reading for the case when the movable thread 
isin the collimation axis is known approximately: let its assumed 
value be denoted by MV, and its true value by @-+ c. Let us sup- 
pose that for “tube south” the micrometer readings increase as 
the thread is moved towards the north; then, if m is the reading 
at an observed transit, the thread is at the distance m — (M + c) 
north of the collimation axis, and this distance is to be substituted 
for c in our fundamental equation (166). In this equation, we 
shall also put A= 0, n = 90° — g, on the supposition that the 
azimuth and inclination of the axis are each zero, since the 
resulting declination may be corrected by the methods above 
explained. We have then 


sin (m — M — c) = — cos g sin 6 + sin ¢ cos 6 cost 
= sin (g — 6) — 2 sin g cosd sin? 37 


or, since in the case here considered y — d is but a few minutes, 
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2s8sin ¢ cosd sin? 4r 
TVPG gent i= gh ete 
sin 1” 


For convenience in computation, let us put 


Q == Ml = Hp 
zg =g—d 
in2z i 
7 a ee 
sin 1” 
. 3 , ; 2 sin? $7 
in which sin gcosd will be constant, and log ani? may be 
taken directly from our Table VI.; then the equation becomes 
zte=kh—e (188) 


in which e is given by the observation for each thread, and R is 
to be computed for the several values of + found from the ob- 
served sidereal times and the star’s right ascension. 

This equation applies to the case of “tube south.” When we 
have “tube north,” the equation becomes 

Par ea eo eye UR 
sin 1” 
so that, putting in this case 
e = m — M 
we have 
z—ce=kh—eé (189) 


The instrument is reversed but once. The first series of ob- 
servations is taken before the meridian passage, and the second 
after it. We thus find from the means of the observations the 
values of z-+ ¢ and z — ce, whence both zandc. The uncorrected 


declination is then 
= OF z& 


to which we apply the correction for the level, as in Art. 190, 
and, if necessary, also the correction for the azimuth according 
to (186). 

It is evident that this method may be applied even to stars 
whose declinations are somewhat greater than the latitude. 


Exampie.—The following observations are given by STRUVE 
from among those taken with the Pulkowa instrument :* 


——_———— 


* Astr. Nach., Vol. XX. p. 217. 
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1842, January 15. v Ursx Majoris. 


East Vertical. (— 6°.5 BR.) West Vertical. 
Tube 8. Tube N. 

Level. + 407.25 — 3743 + 384.0 — 8947 
40 .3 37 .B85 38 .0 ow f 
40 .3 37 .85 38 .0 39.7 
40.3 37 85 38 .0 39 7 
Transits. Microm. Transits. Microm. 
9* 30” 29°. 9”.315 9° 48" 4295 14".771 
30 56.5 9.550 48 14 14 .527 
31 24.5 9.775 47 46 14 .276 
32 «(0 10 .083 Ah 7. 14 .068 
32 28 10 .298 46 44 13 .825 
32 54 10 .470 46 9 13 .597 
33 29 10 .691 45 35 15 .361 
34 4 10.879 45 11 13 .232 
34 37 11 .062 44 40 13 .077 
9 85 11 11 .226 9 44 12 12 .942 
Level. + 4023 —874.25 4+ 3840 — 394.7 
40 85 37 3 38 .0 39 .7 
40 .35 37 .25 38 .0 39 7 
40 .25 37 3 38 .0 39 .7 


g— + 043238 — + 07.324 


In these observations, in order to avoid any possible error of 
lost motion in the micrometer screw, the thread is always set in 
advance of the star by a final positive motion of the screw, that is, 
by that motion which increases the readings. 

The value of a revolution of the micrometer screw was found 
by the formula 


r —= 28.682 + 0.000292 (9.6 — T) 


in which Tis the temperature indicated by the Réaumur ther- 
mometer; and, since in this example 7’= — 6°.5, we employ 


fiz= 290867 log r = 1.45768 


The apparent position of the star on January 15, 1842, was, 
according to ARGELANDER’S Catalogue, 
a == 9* 39” 467.1 é == 59° 46’ 247. 


The clock was slow 8°.8, and hence the clock time of the star's 
culmination was 9” 39” 87°.8, for which we may, for simplicity, 
take 9’ 39” 38°, since a small error in this quantity will not affect 
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the final value of z when the hour angles on the opposite sides 
of the meridian are so nearly equal as in the present case. 

With the value g = 59° 46’ 18”, we find log sin y cosd = 9.63846. 
The assumed value of M = 12.000; and hence the observations 
may be reduced as follows: 


Tube 8S. 
Are ; 
T log eee R m — M | log(m—M) e R—e=z-+c| Diff. from mean, 
—9m 9* | 2.21581 | 71.49 | 24685-| 0.42894 | 77.02 | — 5”.58 — 0”.09 
8 41.5] 2.17118 | 64 .51 | 2.450] 0.88917 | 70 .28 sy Avi — 0 .33 
8 138.5) 2.123825 | 57 .77 | 2.225] 0.84738 | 68 .88 6 .06 — 0 .62 
7 388 2.05842 |! 49 .76/1.917]| 0.28262 | 54 .99 5 .28 == 0) aot 
7 10 2.00363 | 43 .86 | 1.702; 0.23096 | 48 .82 4 .96 + 0 .48 
6 44 1.94946 | 88 .72)1.5380] 0.18469 | 43 .89 Gy Rly +0 .27 
G79 1.87075 | 82 .80 |1.309| 0.11694 | 87 .55 5 .25 — @: 19 
5 34 1.78420 | 26 .46|1.121] 0.04961 | 32 .16 5 .70 —() .26 
Sy 1.69385 | 21 .49 | 0.9388] 9.97220 | 26 .91 5 .42 +0 .02 
4 27 1.58974 | 16 .91 10.7741 9.88874 ! 22 .20 5 .29 + 0 15 


Tube N. 
‘| 
M—m z—c 
+47 34, | 1.61222 | 17”.81 | 07.942 | 9.97405 | 27”.02 | — 9”.21 0208 
ye 1.69673 | 21 .64/!1.077] 0.08222 | 30 .90 9 .26 ==) Ale 
5 33 1.78160 | 26 .81 | 1.282} 0.09061 | 35 .34 9 ..08 +0 .15 
5 57 1.84204 | 30 .28} 1.361) 0.138886 | 39 .04 8 .81 + 0 .37 
6 31 1.92105 | 36 .27 11.597} 0.20330 | 45 .81 9 .54 =5(1) 46%3 
cies 1.99551 | 48 .05 | 1.825] 0.26126 | 52 .35 9 .380 == () j12A 
7 39 2.06081 | 49 .98}2.068| 0.81555 | 59 .82 9 .384 —0 .16 
8 8 2.11852 | 56 A9 | 2.276) 0.85717 | 6d .29 8 .80 + 0 .88 
8 36 2.16198 | 68 .16| 2.527) 9.40261 | 72 .49 9 .83 —0 16 
9 4.5] 2.20867 | 70 .88|2.7711| 0.44264 | 79 .49 | 9 .16 + 0 .02 


Mean — 9 .178 
Hence we have 


Tube S. z+ ¢ = — 5”.488 
IN. ire a —— OATS 
a oS ¢ = + 1.870 


g — 59° 46’ 18.000 

d= 9 —2=—59 46 25 308 

Corr. for incl. of the axis = + 0 .824 
d= 59 46 25 .632 ~ 


From the differences in the last column of this computation, 
we find the probable error of a single observation to be 0/’.194, 
produced by the error of observation and the error of the micro- 
meter. This agrees well with the probable error found for 
o Draconis, which was 0/’.08 for four observations on one thread. 
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thie eee error of four observations of v Urse Majoris is 
07.194 + 2 = 0/.097, which is somewhat greater than 0/’.08, 
ee acertly because it involves the additional error of the micro- 
meter. 

The probable error of the mean value of z or of the value of 0 
found by the preceding micrometer observations is 0/’.194 = - 7/20 
= 0.043. The ae obtained by the micrometer have, Nigar 
fore, very nearly the same degree of precision as those A ened 
by the fixed threads, when each method is skilfully applied. 

The extreme precision of the observations with this instrument 
in the hands of Srruvs is strikingly exhibited in the accordance 
of the values of the aberration constant determined from the 
changes of declination of seven stars, which have already been 
cited in Vol. I. Art. 440. 


CHAPTER VI. 
THE MERIDIAN CIRCLE. 


194. Tue Meridian Circle, or Transit Circle, is a combination of a 
transit instrument and a graduated vertical circle. This circle 
is firmly attached at right angles to the horizontal axis, and is 
read by verniers or microscopes (see Arts. 18 and 21), which are 
in some cases attached to the piers, and in others to a frame 
which rests upon the axis itself. 

By means of this combination, the instrument serves to deter- 
mine both co-ordinates of a star’s position,—the right ascension 
from the time of its transit, and the declination from the zenith 
distance measured with the circle ; or, if the star’s place is given, 
it serves to determine either the local time or the latitude of the 
place of observation. 

For the measurement of declinations, it takes the place of the 
Mural Circle, which consists of a circle mounted upon one side 
of a pier, the circle being secured to the end of a horizontal axis 
which enters the pier. As the latter instrument cannot be re- 
versed, and its axis is not symmetrically supported, it is not suited 
to the accurate determination of right ascensions, and is to be 
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regarded as designed solely for the measurement of declinations. 
Even for this purpose the meridian circle is preferable, as it 
admits of reversal; and there is always an advantage in com- 
bining determinations made in reverse positions of an instrument, 
whereby unknown errors may be either wholly or in part elimi- 
nated. I shall, therefore, not treat specially of the mural circle. 
It is not probable that any more instruments of that form will 
hereafter be constructed; and the method of using those that 
exist will readily be understood by any one who has mastered 
the meridian circle. 


195. Plates VIL., VIII., and IX. represent a meridian circle of 
Repsoup, belonging to the U.S. Naval Academy, and mounted 
at Annapolis in 1852. It is almost identical in form with the 
meridian circles constructed by the same artist for SrruvE and 
Busse at the Pulkowa and Koénigsberg Observatories. 

It has two circles, CC and C’C’, of the same size, but only one 
of these, CC, is graduated finely; this is read by four microscopes, 
two of which are seen at RA. The microscopes are carried upon 
a square frame which is centred upon the rotation axis itself: 
the form of this frame is shown in Plate [X., where the instru- 
ment is represented upon the reversing car. The horizontal 
sides of the frame carry two spirit levels /, /, by which any change 
of inclination of the frame with respect to the horizon may be 
detected. 

The second circle C’C’, constructed of the same size as the first 
for the sake of symmetry, is graduated more coarsely, is read at 
either of two points, and is used only as a finder. 

The counterpoises WW act at AX, points nearly equidistant 
between the telescopes and the Vs, and very near to the circles; 
an arrangement which prevents the possibility of any appreciable 
flexure in the horizontal axis, at the same time that the pressure 
on the Vs is reduced to a very small quantity. 

The inclination of the rotation axis is measured with a hanging 
level LL. 

An arm FG, turning upon a joint at F, receives, when hori- 
zontal, an arm which is connected with a collar upon the rotation 
axis. By turning a screw, the head of which is at G, the tele- 
scope is clamped in the collar, and then a screw (not seen in the 
drawing) acting horizontally near G gives fine motion to the 
telescope by acting upon the vertical arm. 
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Another arm fg, nearly similar in its form and arrangement to 
FG, receives a vertical arm attached to the microscope frame. 
Screws acting horizontally at g upon the vertical arm serve to 
adjust the frame. 

These arms are shown in Plate VIII. as they appear when 
thrown down and out of use while the instrument is being 
reversed. In this plate is also seen the arrangement of the 
vertical arms and the friction rollers by which the counter- 
poises act upon the horizontal axis, together with the form of 
the Vs. 

The field is illuminated by light thrown into the interior of the 
telescope through tubes at AA and reflected towards the reticule 
by a mirror in the central cube. The quantity of light is regu- 
lated by revolving dises with eccentric apertures at the extremi- 
ties of the tubes nearest to the Vs. These discs are revolved by 
means of a cord to which hangs a small weight S. 

The reticule at m contains seven transit threads and three 
micrometer threads at right angles to the transit threads. These 
‘three threads have a common motion, their distance from each 
other being constant. This distance being known, an observa- 
tion on either of the extreme threads can be reduced to the 
middle thread. The micrometer thus arranged is intended for 
the measurement of small differences of declination, and also for 
the measurement of absolute declinations when used in con- 
junction with the graduated circle, as will be fully explained 
hereafter. 

The graduated circle of this instrument is nearly 30 inches in 
diameter, and reads directly to 2’ by the graduations on the 
micrometer heads of the reading microscopes; and by estimating 
the fraction of a graduation of the micrometer head, the reading 
is carried down to 0/’.2. This is a sufficiently great degree of 
accuracy of reading to correspond to the dimensions and optical 
power of this instrument; but in larger instruments the reading 
is sometimes carried down to 0/.05, or even less. 

The discussion of the errors of the circle of this instrument is 
given in Arts. 28, 32, and 33.* 


* The errors of the circle may not be constant, since they may fluctuate with the 
temperature of its various parts. We may, however, assume that the errors at 
different temperatures will be the same, provided the expansion of the circle for an 
increase of temperature is uniform throughout all its parts. For the greatest pre- 
cision, therefore, we should endeavor to secure this condition of wniform temperature, 
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A mercury collimator should be placed permanently beneath 
the floor directly under the centre of the instrument, covered by 
a movable trap-door. 

I proceed to consider the methods of observing with the meri- 
dian circle. Its application as a transit instrument will be suffi- 
ciently clear from the preceding chapter. It is necessary to treat 
here only of the use of the circle and micrometer in the mea- 
surement of nadir distance, zenith distance, polar distance, or 
altitude of a star, from which either the declination of the star 
or the latitude is found. 


196. Nadir point.—The first of the methods of using the instru; 
ment which I shall treat of is that in which all observations with 
the circle are referred to the nadir. Let us first suppose the 
instrument to be perfectly adjusted in the meridian, and the 
observation of a star to be made at the instant of its transit. The 
nadir point is obtained by directing the telescope vertically 
towards the mercury collimator. To take the simplest case, let 
us suppose the sight line to be determined by a fixed horizontal 
thread (at right angles to the transit threads). Let this thread 
be brought into coincidence with its reflected image. The sight 
line is then vertical, and the reading of the circle (by which we 
always understand the mean of all the microscopes added to the 
degrees and minutes under the first microscope, or microscope 
A) represents the nadir point of the circle. Let this reading be 
denoted by C. The telescope being then directed towards a 
star, and the fixed horizontal thread being made to bisect the 
star at the instant of the transit over the middle vertical thread, 
let the circle reading be C’. Then the apparent nadir distance 
of the star, which I shall denote by WV’, will be 

N=! C 


0 


and, for this purpose, it is advisable to make the piers sufficiently high and broad to 
protect the whole circle; for, since the temperature of the piers will often differ 
from that of the circle, the radiation from them will tend to produce unequal tem- 
peratures in the different parts of the circle, unless the latter is equally exposed to 
this radiation throughout. But even this arrangement will fail of its object if the 
temperature of the piers is not uniform; and therefore they must be protected against 
fluctuations of temperature as much as possible; for example, by first coating them 
with oil or some other preparation to exclude moisture, then wrapping them in cloth, 
and finally encasing them in wood, as proposed by Dr. Goutp for the meridian circle 
of the Dudley Observatory. 
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and this distance is usually reckoned from 0° to 360° from the 
nadir, through either the south point or the north point, accord- 
ing to the direction in which the graduations increase. This 
direction is different in the two positions of the rotation axis. 
Supposing the position of the axis to be indicated by that of 
the circle itself, let us assume that the nadir distance is reckoned 
through the south point for circle east, and through the north 
point for circle west. If we denote the apparent zenith distance 
of the star south of the zenith by 2’, we shall then have 


for circle east | 
oe oy a 
z#= + (180 ) { -— for circle west f 


In obtaining the circle readings C, and C’, the correction for 
error of runs, when such error exists, must be applied as explained 
in Art. 22. But, with the aid of the telescope micrometer, we 
can avoid the error of runs, as follows. In observing the nadir 
point, set the circle so that an exact division is under or nearly 
under the zero of one of the reading microscopes, that is, so 
that all the microscopes will read nearly 0’: their mean will not 
require any sensible correction for runs. But the fixed thread 
will then not be in coincidence with its image. Measure the 
distance of the fixed thread from its image by the micrometer. 
One-half this distance, being applied to the circle reading, will 
give the reading for absolute coincidence. In like manner, in 
observing the star, set the circle again upon an exact division, 
and bisect the star with the micrometer thread; the distance of 
the micrometer thread from the fixed thread, being applied to 
the circle reading, will give the required reading 0’. 

But, when the micrometer is employed, it is altogether prefer- 
able to dispense with the fixed thread and to depend solely upon 
the movable one. Thus, to determine the nadir point, having 
brought the circle division which is nearest to the nadir point 
reading under microscope A, let the mean reading obtained 
from all the microscopes be called CG. Bring the micrometer 
thread into coincidence with its image, and let the micrometer 
reading be M,, which we shall suppose to be converted into are 
by multiplying by the value of a revolution found according to 
Art. 46 or 47. It is now evident that when the telescope is 
directed upon a star, if the micrometer reading remains M, while 
the thread bisects the star and the circle reading is CO’, the nadir 
distance is C’ — (,, precisely as if the micrometer thread were 
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fixed. But the reading C’ will, in general, involve an error of 
runs, to avoid which, set the circle as before upon a neighboring 
exact division, and let the reading be still called C’; then bisect 
the star with the micrometer thread, and let the reading be M’; 
the nadir distance of the star will be 


W=(C'—C)+ '— mM) (190) 


In practice, this method will be found much simpler than it at 
first appears. The finder should always be adjusted so that 
whole minutes in its reading correspond to whole minutes of the 
principal circle. Then, in all observations of the nadir point, 
we set the finder to the same exact division; and, in observing 
the star, we compute its approximate nadir distance to the nearest 
minute, and set the finder upon this minute. 

In the above formula, we suppose the micrometer readings to 
increase with the circle readings. 


Exampite.—On May 4, 1856, the telescope of the Meridian 
Circle of the Naval Academy was directed to the nadir by setting 
the finder upon 0° 0’, and the mean of the four microscopes gave 
the circle reading 


C, = 859° 59! 54.70 (or — 0° 0! 5.80) 


The micrometer thread was then brought alternately north and 
south of its own image in the collimator, so as to form each time 
a square with the middle transit thread and its image (as in Art. 
147), and the micrometer readings were as follows: 


Image JV. S. Means. 


5” 334.4 404.8 pt 3 74.10 


82 9 40 .4 36 .65 
33 .0 40.3 || 36.65 
33 .5 40.5 || 87 .00 


M, = 5" 364.85 


so that M, was the reading when the micrometer thread was in 
coincidence with its image. 

The telescope was then directed to Polaris at its upper culmi- 
nation by setting the finder at 229° 32’ (the latitude being 38° 59’, 
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the declination 88° 32’, and the refraction 1’, approximately), 
and at the time of the star’s transit, the micrometer thread 
bisecting the star, there were found 


Circle reading C’ = 229° 82! 7” 47 
Microm, “7 ==55" 5070 


The value of one division of the micrometer was 0/’.927. Hence 


CV C= 220° 801077, 
MM’ — M, = + 184.75 = SE 
(N’) = 229 32 25 52 


This is the apparent nadir distance upon the supposition that the 
position of the reading microscopes (which rest on the axis of 
the telescope*) remained absolutely fixed while the instrument 
revolved from the nadir to the star. To determine this, the 
spirit level was applied to the microscope frame. At the nadir 


reading, the inclination of the frame was 7, = — 1/’.28, and at the 
observation of the star it was 7’ = — 1/’.54; and hence we have 
(N’) — 229° 32! 25.52 


Bet seat 
N’ = 229 32 25 21 


In this observation, the circle was east, and the nadir distance 
was reckoned through the south point. 


197. Since C, and M, will be applied in reducing all the obser- 
vations made on the same day, or so long as these quantities are 
regarded as constant, it will be convenient to combine them once 
for all. We may either convert the micrometer reading into 
seconds of are and add it to the circle reading, which will give 
the circle reading when M,= 0; or convert the seconds of the 
circle reading into divisions of the micrometer and add it to the 
micrometer reading, which will give the micrometer reading 
when (,= 0. Thus, if we take the latter method in the pre- 
ceding example, we have C,= — 5/’.30 = — 54.72 of the micro- 
meter. We then take (M1) = C-? 1, = 0 36785". (2——= 


* As this construction involves the necessity of an additional observation, and 
thus introduces another source of error, it appears to be preferable to attach the 
reading microscopes permanently to the piers, provided the piers are well guarded 
against changes of temperature which might alter the relative positions of the 
microscopes. 
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5” 317.13, which we may call the micrometer zero; and in any 
observation of a star when the circle reading is C’ and micro- 
meter reading M’, the nadir distance will be simply (V’) = C’ 
+ M’—(M). In this example, therefore, we should have 


CO! = 229° 32) 7.47 
M’— (M) = + 19447 = 418 .05 
(W’) — 229 32 25 52 


198. Instead of a single micrometer thread, Brssun used a 
double one, consisting of two very close parallel threads. The 
sight line is then a line which bisects the angle between the 
threads, and a star is always observed when it is estimated to be 
midway between them. It was the opinion of Brssrn that even 
greater accuracy was attainable in this way than in bisecting a 
star by a single thread. Although there may be some doubt of 
this being true for all observers, still the method has advantages 
in determining the nadir point. The sight line determined by 
the middle point between the threads will be vertical when each 
thread is in coincidence with the image of the other thread. But, 
as we cannot depend upon such directly observed coincidences, 
the micrometer reading for coincidence is found by taking the 
mean of two observations, at one of which the 


: Fig. 47. 
image of one of the threads is placed midway a 
between the threads, and at the other the image 
of the other thread is so placed. Thus, at one 2 


observation we make the observation a, Fig. 47, 
and at the other the observation 6, and take the mean of the 
corresponding readings. 


199. Reduction to the meridian.—In the above method of obser- 
vation, the determination of the nadir point is made very precise 
by repeating the readings of the circle and micrometer, but the 
reading for the star depends upon a single observation. In order 
to give both measures at least equal precision, we must make 
several bisections of the star by the micrometer thread during 
the passage of the star across the field. But, since the star in 
general describes a small circle in the field, all the measures on 
either side of the meridian will require a correction. In inves- 
tigating this correction, I shall suppose that the instrument is not 
precisely in the meridian, in order to see what effect its errors 


have upon the observed declination. 
Vor. II.—19 
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In Fig. 48, constructed as in Art. 123, let O be the position of 
the star. The great circle described 
by the telescope is W’Z’S’, and Z’ is 
the zenith of the instrument. The 
arc AO drawn from the pole of the 
great circle V’Z’S’ to the star inter- 
sects this circle in O’, and OO’ re- 
presents the micrometer thread which 
bisects the star, since this thread is 
also perpendicular to the plane of the 
instrument, and O’O =c is the dis- 
tance of the star from the collimation 
axis. If the telescope were directed to the pole, the thread 
would coincide with PP’, P’ being the point in which the great 
circle AP intersects NV’Z’S’. Hence, P’ is the apparent pole of 
the instrument, and the apparent polar distance of the star, as 
given by the instrument, is P’O’= 90° — 0’ (denoting the in- 
strumental declination by 0’). But, since the triangle P’AO’ is 
right angled at P’ and O’, the angle P’AO’ is measured by 
P’O'. We have, therefore, in the triangle PAO (with the nota- 
tion of Art. 123), the sides PA = 90°—n, AO= 90°+ 6, PO 
= 90° — d, with the angle APO = 90° + < — m, and the angle 
PAG 90° 0's “Hence; by Sph. Trig, 


sin 6 = — sin n sinc + cosn cos ¢ sin 0’ 
cos 6 sin (t— m) = cos n sinc + sin n Cos ¢ sin 0’ (191) 
cos 6 cos (t — m) = cos c cos 6’ 


in which d is the corrected declination,* z is the east hour angle 
of the star, and m and 7 are the instrumental constants as deter- 
mined by transit observations (Art. 151). But, since n is exceed- 
ingly small (seldom more than 0°.5 = 7’’.5) and ¢ not more than 
15’ even when the star is observed near one of the extreme 
transit threads, the product sinc sinn will be insensible, and we 
may always put cosn—1. The first and third of these equa- 
tions, therefore, become 
sin 6 = cosc sin 6’ 


cos 6 cos (t — m) = cos ¢ cos 6’ 
whence 
tan 6 = cos (t — m) tan 0’ (192) 


* That is, 0 is the apparent declination (affected by refraction and parallax) as it 
would be given by an observation in the meridian with a perfectly adjusted instrument. 
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from which it appears that the only correction for the error of 
the instrument with respect to the meridian is the subtraction 
of the constant m from the hour angle. The value of 0 will be 
found more conveniently by developing it in series by Pl. Trig. 
Art. 254; we find 

sel ge cee Rom" gna 
sin 1” 2 sin 1” 


+ &e. 


in which 


sine (7 — m) 


= — _ — tan? 3(¢ — m 

1 — sin? 3 (t —m) ) 
As it is more convenient to employ sin?4(z — m) instead of 
tan’ 4(t — m), because tables of the former quantity are in com- 


mon use (see Tables V. and VI.), we develop g in the form 


gq = — sin’? 1 (ct — m) [1 — sin? 4 (t — m)]~? 
= — sin? 4 (tr — m) — sint i (¢# — m) — &e. 


and, substituting this value, we find 


ey) sin? 3 (ct — m) sin 2.0” 2 sint 1 («@ — m) 


sin 1” sin 1” 


sin 20’sin?d’ (193) 


sin? $(t — m) 

n aes 
sin 20’ is called the reduction to the meridian.* In computing 
this term, we may use 0 for 0’. The correction is always sub- 
tractive from the instrumental declination. If, however, we wish 
to apply it to the observed nadir distance WV’, we must observe 
the sign of NW’ in (190). For circle east, the reduction will be 
additive to WV’, and for circle west, subtractive from NV’. 


where the last term is usually insensible, and the term 


Exampie.—In the observation of Polaris on May 4, 1856, p. 
287, the star was not only observed at the time of its transit, but 
it was bisected by the micrometer thread a number of times 
during its passage over the field, the clock being noted at each 
bisection, as in the following table, which contains also the re- 
duction of the observations: 


* The last term of the series becomes a maximum for a given value of r— m 


int 2 (7 — 
when 6 = 60°, in which case the value of the term is woe -$4/3, which 
sin 
amounts to 0”.01 only when + — m = 6™ 23%. For 0 = 88° 30’, the term amounts 


to 0’ 01 only when + — m = 12”. 
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4 mw’ M!— My) = mM” oo ae ae Ipriea|  oe 
14 Im 51s. | 575045 | + 134.65 — + 12”.65/4 2” 52s,|— 0”.41|}+ 12”.24/— 0.20 
94 Aly 50 .9 4 05 1302 | e2ee26 0 .380 12 .72)+ 0 .28 
2 49 50.8 83.95 12.93) 1 64 0 .18 12 .75)+- 0 .31 
8 16 50 .5 13 .65 125.65) elena OF 12 .64)+ 0 .10 
8 35 50 .2 13 .85 Peete) Al xe 0 .06 1232) —10 2 
4 0 50 .4 13 .55 12 .56} O 48 0 .08 12 .53)/+ 0 .09 
4 30 50 .8 13 .95 12 .93/+0 18 0 .00 12 .93/+ 0 .49 
4 57 50 .4 18 .55 12'.56/==0) 14 0 .00 12 .56)/+ 0 .12 
6 11 49 .4 12 .55 11 .68) 1 28 OM V2) One 
Gamo 50.4 13 .55 i250 eos 0 .18 12 .88)/— 0 .06 
7 #O 49 .8 12 .95 12 OOK Ze G 0 .26 11 .74;— 0 .70 
7 24 sik 4 14 .35 13.80) 2 41 0 .36 12 .94) 0 .50 
7 55 50 .9 14 .05 18 .02;/—3 12 |—O .51)/4 12 .51/4 0 .07 

Mean + 12 .44 


The column 7 contains the observed clock times; M’ the micro- 
meter reading at each bisection of the star; JZ’ — M, is found 
from the observation of the nadir, which gave M,—= 5” 367.85, 
and M’’ is the value of M’— M, in are, the value of a division 
being 0/7.927. To find cs — m, we observe that the hour angle z 
is found by the formula . 


r=a—(T +47) 


a being the right ascension of the star and a7 the clock correc- 
tion, and hence 
T—M=a—AT—m—T 
or, putting 
a’ =a —AT—m 
we have 
t—m=a—T 


In the present example, the value of m was + 0°.42, and a7’ was 
+ 1” 2.85. The apparent place of the star, from the American 
Ephemeris, was 


a = 1* 5™ 462.29 = 88° 32’ 267.00 
Hence, a/ = 1” 4” 48°.0, the difference between which and each 
T is given in the column ct — m. 


‘The reduction to the meridian, here denoted by &, is conve- 
niently computed by the aid of Table VI., under the form 


__ 2sin? 3 (t*§ — m) 
sin 1” 


k= cos 6 sin 3 . (194) 


This reduction is here to be applied to the observed nadir dis- 


MERIDIAN CIRCLE. 293 


tance with the same sign as to the declination, for the finder was 
west, and the nadir distance, being reckoned through the south 
point over the zenith, increases with the declination. The two 
quantities M’ and # being applied to the difference of the circle 
‘ readings for the nadir point and the star, we have the apparent 
nadir distance of the star in the meridian. Thesum W’+ R 
should then be the same for each observation, and we have here. 
found its value for each in order to determine the probable error 
of observation. From -the ‘differences from the mean” in the 
last column, we find that the probable error of a single observa- 
tion was 0/’.28, which includes the error in bisecting the star by 
the thread, the error arising from unsteadiness of the star, and 
errors of the micrometer. 

The meridian nadir distance of the star from the mean of all 
the observations is then found as follows: 


(From page 288) C’ — C, = 229° 32’ 12.77 

. Mie Re 412 44 

Corr. for incl. of microscopes = 7’ — 7, = — 0 31 
IN’ = 229 32 24 .90 


The observation was taken to determine the latitude, and, in 
order to find the refraction, the barometer and thermometer 
were observed both before and after the observation, as follows: 


At 170”, At 1*12™, Means. 
Barometer 80”.176 30.210 307.193 
Attached Therm. H6° oe HOW 
External “ 54 .9 54 6 54 .75 


Hence, using Bussgt’s Refraction Table, we find 


— 2/ = 49° 32' 24''.90 
Refraction = 1. 8:.05 
—2=49 38 32 95 

d= 88 32 26 .00 

g = 88 58 53 .05 


200. Horizontal point.—Observation of a star by reflection.—The 
second method of using the instrument is that in which the 
apparent altitude of a star is determined by taking half the 
angular distance between the star and its image reflected ina 
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basin of mercury. The direct observation of the star is usually 
made before the meridian transit, and that of the reflected image 
after the transit, or vice versa, and each is reduced to the meridian. 
The difference of the two reduced circle readings (plus the dif- 
ference of the micrometer readings if the observations are made 
on the movable thread) is twice the meridian altitude. The half 
sum of these readings is the reading when the sight line is hori- 
zontal, and represents the horizontal point of the circle.* 

In observing equatorial stars by this method, the circle is set 
approximately for the direct observation, and the microscopes 
read off before the star comes into the field. Then one or more 
bisections of the star are made, with the micrometer thread, 
before the star arrives at the middle transit thread. The teles- 
cope is then quickly turned towards the mercury and clamped at 
the approximate position of the reflected image, several bisec- 
tions are made with the micrometer, and finally the circle is 
again read off. That no time may be lost in setting the circle 
upon the reflected image, a spirit-level finder attached to the 
tube of the telescope is previously set to the approximate depres- 
sion of the image; the telescope is then revolved until the bubble 
plays. 

In the case of stars near the pole, the circle may be read off a 
number of times during the transit, as in the following example 
from BrssEL. 


Exampir.—The following observations of a Urse Minoris were 
taken by BrssEL with the Repsold meridian circle of the Konigs- 
berg Observatory in 1842, April 22. The star, or its reflected 
image, was brought in the middle between the two close threads 
of the micrometer by moving the telescope by the tangent screw, 
the micrometer thread being used as fixed, and the circle was 
read off after each observation. Five direct observations are 
preceded and followed by three reflection observations. 


* The determination of the horizontal point by reflection observations should be 
used, in conjunction with the other methods given in the text, for the sake of verifi- 
cation. Indeed, it is desirable that al? the instrumental constants should be found 
by at least two independent methods. The construction of the instrument so that 
this shall always be possible presents difficulties, which, however, have been success- 
fully overcome by Dr. B. A. Gounp in the large meridian circle constructed under 
his direction for the Dudley Observatory. 
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a Urs Minoris.—Upper Culmination. 


| Clock. 7 Mm Circle. R Meridian. 

0* 45” 54s 17” 208 146° 15) 117.0 |. -+- 158 | 146° 15" 26".8 | 
49 1 14 13 16.9] +10 6 YATC 245: 
BEG LZ 20 .2| + 7.7 21 9 
64 9 8) yey AA Ai ees ESN BB ae Be) 
Ome 421 AML Gy | sem Ik 40 .5 

Ih Dp iy 0 20 40 .5 0 .0 40 .5 

7 28 4 14 Ae OG) AL 
eG Soe Alay (oy |) a= Ah al ANL 15s 
1S25 1s. TNL 146 15 15'.4) -+- 12 14146 15 27 5 
il Gey ifs} 118% 10 4; +17 .4 Pall So: 
23 46 20 32 5 4} + 22 1! mall 
Mean. Direct 33 44 40 .82 

“ Reflect. ‘146 ios 47h {5X0 

App. merid. zen. dist. 33 44 36 .66 


Barom. 29.808 Att. Therm. 47°.1 F. ; 
Hep 19 1G \ Refraction + 38 .76 
Correction of the circle graduation + 0.470 
Corr. for distance of mercury +0 .018 + 0 .49 
Star’s polar distance 1 31 53 .53 
Complement of latitude 85 17 9 44 


y— 54 42 50 56 


In computing t—m by the form a’— T, we have assumed 
a’ = 1’ 3" 14°. The circle readings are the means obtained from 
the readings of four microscopes. 

The reduction to the meridian # is computed for the reflection 
observations by the same formule as for direct ones, only 
changing its sign. 

The correction of the circle graduation was derived by Bussun 
from a special investigation of the errors of those divisions which 
come into use in the observation of Polaris by direct and reflection 
observations at its upper culmination. For a given zenith dis- 
tance z, the four divisions that come into use in the direct obser- 
vation by the use of the four microscopes are z, 90°-+ 2, 
180° + z, 270°-+ z; and in the reflection observation, 360° — z, 
90° — z, 180° — z, and 270°— z. The correction 0’’.470 is here 
the mean of the corrections of these eight divisions for z = 33° 44’, 
the sign of the correction for the reflection observations being 
changed.* 


* See Busse, in Astron. Nach., Nos. 481 and 482. 
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The correction for the distance of the mercury from the 
instrument is simply the difference of the latitude of the mercury 
basin and the centre of the telescope. For in this method we 
really measure the angle between the direct and reflected rays 
which is formed at the surface of the mercury, and, consequently, 
the latitude determined is that of the mercury. The basin was 
here north of the instrument, and the deduced latitude would 
require a subtractive correction, or the zenith distance an additive 
one. 

To find the horizontal point of the circle corrected for the 
division errors, we have, according to BrsszL, for z = 33° 44’ in 
the direct observation, the correction + 0/’.156, and for the sup- 
plement of this the correction — 0/’.784, the half difference of 
which is the correction + 0/’.470 used above, and the half sum 
— 0/3814 is the correction of the horizontal point found by 
taking the mean of the circle readings in the direct and reflected 
observations. Thus, we have 


Mean of circle readings = 90° 0’ 4.16 
Corr. of graduations = —0O 31 
Horizontal point = 90 0.3 .35 


The zenith point of the circle is, therefore, 0° 0’ 3/’.85. So long 
as the state of the instrument is unchanged, this is the constant 
eorrection of all zenith distances observed, additive or subtract- 
ive, according as the object is south or north of the zenith. 


201. The nadir, horizontal, and zenith points of the circle are 
all determined when any one of them is determined,* and there- 
fore we ought to be able to combine the results obtained by the 
mercury collimator and by reflection observations of stars. 
Nevertheless, observers have sometimes found discrepancies 
between the two methods which appeared to be greater than 
could fairly be ascribed to errors of observation. Among the 
sources of error which may produce such discrepancies, we may 
here mention the personal equation in bisecting a star by a micro- 
meter thread. Prof. J. H. C. Corrint has demonstrated the 
existence of such an equation, more or less constant, between 
different observers, by comparing the declinations of the same 


* Provided the errors of division and of flexure have been duly eliminated. 
{ Astronomical Journal, Vol. III. p. 121. 
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star obtained by the different observers using the mural circle of 

the Washington Observatory during the years 1845 to 1849 

inclusive, the declinations having all been reduced to the same 

epoch. He also found a constant difference between the decli- 
nations of zenith stars observed by himself when they were’ 
observed as southern stars—i.e. with the body fronting south— 
and when they were observed as northern stars, and this under 
conditions which excluded the hypothesis of a parallax resulting 
from a maladjustment of focus. This difference amounted to 

nearly 0/’.5. 

A really constant error in bisecting a star will affect the zenith 
distances of all stars alike, but will have opposite effects upon 
the deduced declinations of stars north and south of the zenith. 
It will also have opposite effects upon the declination of the 
same star deduced from direct observations and by reflection ; 
and hence the discordance between the results of these two 
kinds of observations will be twice that error. It will also cause 
the zenith points determined from north and south stars to differ 
by twice the error of bisection. 

Professor Corrrn also suggests that the discrepancies referred 
to may possibly be produced, in part at least, by a habit of 
making the bisection constantly before or constantly after the 
instant for which it is recorded, in which case the error will vary 
with the declination. Thus, if the observation is recorded as 
made at the time the star passes the middle thread, and the 
observer always makes the- bisection at a constant time before or 
after the transit, the error will be simply the reduction to- the 
meridian for this time, and, consequently, proportional to sin 20; 
but if he observes at the constant distance ¢ from the middle 
thread, the error in the time being csecd, the corresponding 
error in the declination will be proportional to ¢sec’d sin 20, 
that is, proportional to tan 0. 

Inclination of the micrometer thread is another source of error, 
which should always be attended to and removed by adjustment 
if possible, or by computing the correction for it. It is evident 
that the error in the observed declination will be proportional 
to the distance of the point at which the observation is made 
froma the middle thread. The inclination will be determined by 
bisecting a star at two extreme points on the right and left of 
the field. The difference of the two observations, when both 
have been reduced to the meridian, will give the required correc- 
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tion for inclination. A star near the pole will be preferable for 
this purpose, as a number of bisections may be made at each 
extremity of the field. 


202. Exampie.—As an example involving all the various cor- 
rections, I extract the following from the Greenwich Observa- 
tions: 


Zenith distances observed with the Transit Circle-—Greenwich, April 16, 1852. 


Microscopes of Circle. 


, Telescope 
Object. Pointer. ne se 0h, 
A my | ee A E F | 
n Bootis (Reflected) | 147° 20/ [27.173 }27.130 |27.270 |17.802 | 27.085 | 27.150 197,110 1 
» Bootis (Direct) 382 0 |0 .942 |0 .901 |1 .038 |0 .612 |0 .820 |0 .903 20 .163 " 
Nadir point 179 40 |0.753 |0 .712 |0. 818 |0 .420 |0 .636 |0 .743 21 .364 


At the observation of 7 Bootis there were also observed 
Barom. 297.86, Att. Therm. 33°.2, Ext. Therm. 36°.8. 


The pointer, which is used in setting the circle for an observa- 
tion, gives the degrees and next preceding 5’ of the circle 
reading. 

One revolution of a circle microscope is called a ‘“ nominal 
minute,” and the mean value of 4”.902 corresponds to 5’, so that 
the nominal minutes are reduced to true minutes of are by in- 
creasing them by their 2, part. Since the mean of the micro- 
scopes is to be found by dividing their sum by 6, and the deci- 
mal part of the quotient is then to be converted into nominal 
seconds by multiplying by 60, the nominal seconds in the mean 
are obtained at once by simply adding the decimals of the 
several microscope readings (making the integers the same in 
all) and removing the decimal point one place. Thus, in the 
first observation, making 2 the common integer, the sum of the 
decimals is .610, and hence the mean is 2’ 6/7.10 (nominal), 
which increased by its 4, or ;2, part is 2’ 8.62 of arc. This 
requires a further correction for variation of the value of a 
microscope revolution from its mean value, that is, for error of 
runs (Art. 22), The correction for runs on the given date was 
-+ 0/’.576 for 100 nominal seconds, and, therefore, the correctio 
of the first observation is + 0//.576 & 1.261 == + 0/.73. 
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There is next to be applied the correction for error of gradua: 
tion and of flexure. These are combined in a table given in 
the introduction to the observations, from which their values, as 
used in the following reduction, are taken with the argument 
“« Pointer reading.” 

The value of one revolution of the telescope micrometer was 
29/’.626, and the reading multiplied by this number is always 
additive to the circle reading. 

The distance of the star from the meridian is expressed by 
the number in the last column o! the above table, here denoted 
by V, which is the number of the transit thread at which the 
bisection is made. The middle thread is assumed to be in the 
meridian ;* and, since the average distance of two adjacent 
threads was 207’’.31, the number of the middle thread being 4, 
the distance of the star from the meridian is represented by 


¢ = 207",31 (N — 4) 
The formula for reduction to the meridian is put under the ap- 
proximate form 
Rk =i sin 1” sin 26 = 3 7 sin 1” sin 6 cos 6 


and z is also found approximately by the formula t = ¢ secd' 
hence, according to this (rather inaccurate) method, we have 


= 1c’ sin 1” tan 0 
which for the Greenwich instrument gives 
R = 0.1042 tan 6 x (VW — 4)? 


as given in the explanations of the observations. 

The micrometer thread was inclined so that an observation at 
one of the side threads required the correction — 0’".775 x 
Cv 4), 

The complete reduction of the above observations is, there- 
fore, as follows. In computing the reduction A we have as- 
sumed 0d = 19° 2’. 


*Tam here stating the method employed at the Greenwich Observatory, not re- 
commending it. For stars near the pole it is not sufficiently accurate, as will be 
found by reducing some of the observations of a and A Urse Minoris by our com- 
plete formula (193). A difference of 0.2 or 0.3 occurs in some cases. 
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n Bootis (R) n Bootis (D) Nadir Pt. 

Mean of microscopes + 2’ 6”.10} + 0’ 527.16) -+ 0’ 40”.82 
Reduction to are = 5 b 2.62) + 1.04) + 0 .82 
Correction for runs -- 0.738) + 0.80) + 0 24 
Division error + 1.51) + 1.24; + 0 .86 
Telescope micrometer + 9 26.15} + 9 57 .85; + 10 382 .93 
Reduction to meridian — 0.82) + 0 .382 

Corr. for inclination of thread — 2.338) — 2 .33 

Pointer 147° 20’ B2c5 0 179° 40’ 
Corrected merid. circle reading |147 381 39 .02! 82 10 50 .08/179 51 15 .67 


Hence, by 7 Bootis, we have 


App. zenith dist. (R) Be FY BO) Oe 

‘¢ ‘“ fa 1D) 32 10 50 .08 
Mean app. zen. dist. 82 19 35 .58 
Refraction sk. BY AOU 


| 

2 == 82 20-13 4 
Daal 2828200 
d—19 8 24 .66 


The half difference of the apparent zenith distances (R) and 
(D) is evidently the zenith point correction, and is here + 8/ 45’.45 
additive to all circle readings. According to the nadir point 
observation, it is + 8’ 44’’.33. The practice at the Greenwich 
Observatory, however, is to employ for a number of consecutive 
days a mean value of the zenith point correction obtained from 
all the values determined during the period. Thus, the mean 
value employed from April 12 to April 24, 1852, a period in- 
cluding the above observations, was + 8’ 45’’.16. The practice 
recommended by Brssen of employing the nadir point readings 
determined at the time of the observation is preferable. 


203. The zero points of the circle may also be determined by 
reversing the axis, if the microscopes rest on the axis and, con- 
sequently, are reversed with it. Let a collimating telescope be 
placed anywhere in the meridian with its axis directed towards 
the rotation axis of the meridian circle, and let it be provided | 
with a cross thread in its focus. Direct the telescope upon the 
collimator, and bring the micrometer thread upon the intersection 
of the cross thread. Let Cbe the circle reading corrected for 
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the inclination of the microscope frame, micrometer reading, &e. 
Now reverse the rotation axis, and make a similar observation 
upon the collimator. Let OC’ be the corrected reading. Then it 
is evident that }(C’— C") is the true zenith distance of the colli- 
mator (supposing the readings to commence at the zenith), while 
(C+ C’) is the true reading when the telescope is vertical, and 
represents the zenith point. This method may occasionally be 
used for the purpose of comparison with the methods already 
given; but it is too troublesome for constant use. Moreover, 
observations depending on the spirit level are not so reliable as 
those made from the surface of mercury, which, when at rest, 
must be perfectly horizontal. 

Another method, suggested by the ever-inventive Brsszx 
(before the introduction of the mercury collimator, however), is 
also dependent on the spirit level, but admits of greater accuracy 
than the above, because a level of larger dimensions may be used. 
The level is applied to the collimating telescope, which is placed 
in the horizontal plane of the axis of the meridian circle. When 
the bubble is in any given position, the sight line of the colli- 
mator makes a given angle with the vertical. If, then, the colli- 
mator with its level is first placed south and then north of the 
circle, and the bubble of the level brought to the same reading 
in each case, the zenith distance of the cross thread observed by 
the circle must be the same, but on opposite sides of the zenith. 
The mean of the two circle readings will therefore be the zenith 
point reading. Instead of bringing the level of the collimator 
to the same reading, it will be preferable to observe the inclina- 
tion in each position north and south, by reversing the level in 
the usual manner; then the difference of the inclinations will 
be applied as a correction to the mean of the circle readings to 
obtain the true zenith point. This method has the advantage 
of not requiring a reversal of the axis of the meridian circle. 
Plate III. Fig. 2 represents a collimator with its spirit level, as 
required in this method. Two piers, one north and one south 
of the circle, are each provided with Vs, which receive the col- 
limating telescope alternately. 

Finally, to complete the enumeration of methods depending 
on the spirit level, the collimating telescope may be placed ver- 
tically over or under the telescope of the meridian circle. The 
Jevel is then attached to the collimator at right angles to its 
optical axis. Two observations are made upon the cross thread 
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of the collimator as before, the collimating telescope being 
(between the two observations) revolved 180° about the vertical 
line. The mean of the circle readings, corrected for difference 
in the inclination of the collimator as shown by the level, will 
be the zenith or nadir point reading. 


204. Flexure.—Notwithstanding the conical form which is 
given to the telescope tubes of large instruments, their weight 
produces a sensible flexure, which may change the position of 
the optical axis of the telescope with respect to the zero points 
of the circle. It is important, therefore, to investigate the 
amount of this flexure. The following is Brusse’s method. 

Two collimators, such as that represented in Plate III. Fig. 2, » 
are mounted in the horizontal plane of the axis of the circle, one 
north and the other south. The cross threads of the collimators 
admit of adjustment (by a micrometer screw, for example), so that 
they may be brought to coincide with each other, the meridian 
circle being raised upon the reversing apparatus during this 
adjustment. The two intersections of the cross threads of the 
collimators now represent two infinitely distant points whose 
angular distance is exactly 180°. The meridian circle being 
replaced, observe this angular distance in the usual manner. It 
is evident that the errors of division of the circle will not enter, 
since the same two divisions come under the opposite reading 
microscopes in the two observations in reverse positions. The 
difference of the two circle readings will, therefore, be exactly 
180° if there is no flexure. But if the difference is less than 
180° by a quantity z, then $x is the correction for flexure in the 
horizontal position of the telescope. In this way, Atry found 
that when the Greenwich transit circle was directed upon the 
south collimator, the circle reading was 89° 46/ 15’’.52, and 
when upon the north collimator, 269° 46’ 16.35; the difference 
180° 0’ 0/’.83 is the apparent distance of the two opposite points 
measured through the nadir, and hence one-half of 0’’.83, or 0’’.41, 
is the effect of flexure in increasing apparent nadir distances or 
in diminishing apparent zenith distances. 

In different positions of the telescope, the mechanical effect of 
each particle of metal, supposing it to act simply as a weight 
attached to a lever, will vary as the sine of the zenith distance: 
so that if fis the horizontal flexure, fsinz expresses the flexure 
in general. It is not quite certain, however, that the flexure 


MERIDIAN CIRCLE. 303 


always follows this simple law; and to determine the law experi- 
mentally, we should have the means of mounting a pair of col- 
limators in a line making any angle with the vertical. 

The flexure determined by the above method is properly 
called the astronomical flexure, as it gives the deviation of the 
optical axis, which becomes a direct correction of our astro- 
nomical measures. It is evident, however, that it does not 
express the absolute flexure of the tube. If when the tube is 
horizontal both ends drop the same distance, the optical line 
determined by the centre of the objective and the micrometer 
thread will merely be moved parallel to itself, and no flexure 
will appear from the circle readings; for the collimators do not 
determine merely a single fixed line in space, but rather a 
system of parallel lines, or simply a fixed direction. 

The effect of the flexure upon an observation is, then, zero 
if the absolute flexures of the two halves of the telescope are 
equal; and when these are unequal, the effect is proportional to 
their difference. This leads directly to the method of elimi- 
nating flexure, first suggested by the elder Repsoup in 1823 or 24, 
by interchanging the objective and ocular of the telescope. Let 
us suppose that at any given zenith distance the centre of the 
objective drops the linear distance a, and the horizontal thread 
in the focus drops the distance a’, so that a and a’ represent the 
absolute flexures of the two halves of the tube. Thea, if the 
whole length of the tube is denoted by 27, the angles of depres- 


; : a a’ 
sion of the two portions may be expressed by oe and rm respect- 


ively. If then;y is the angle which the sight line now makes 
with the direction it would have had if no flexure had taken 


a—a’ : : : 
place, we have 7 = a that is, the astronomical flexure is 
od 


proportional to the absolute flexure. Now let the objective and 
ocular be interchanged, and the telescope revolved 180°, so as to 
be again directed upon a point at the same zenith distance as 
before. The absolute flexures being the same as before, that of the 


object end is now a’, and that of the eye end isa: so that the 
a—a 
—=-—vy. Hence the mean of 
2r 


a 


astronomical flexure is now 


two observations of the same star made with the objective and 
ocular reversed will be free from the effect of flexure. More- 
over, the half difference of the measured zenith distances will 
be the astronomical flexure. It is here assumed that the abso- 
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lute flexures of the two halves remain the same when the ob- 
jective and ocular are interchanged. For a discussion by Hansmn 
of the conditions necessary in the construction of the telescope in 
order to satisfy this condition (if possible), see Astr. Nach., Vol. 
POV LT. p. 70.7 

As to the effect of gravity upon the form of the circle, see 
BessEL’s paper, Astr. Nach., Vol. XXV. 


205. Observations of the declination of the moon with the meridian 
circle—In these observations, the micrometer thread is usually 
brought into contact with the full limb, and a correction is 
applied to the deduced declination of the limb for the moon’s 
parallax and semidiameter. When the observation is not made 
in the meridian, the reduction to the meridian (194) is also to be 
applied, together with a correction for the moon’s proper motion. 
The most precise formula for making these reductions is that 
given by BrssEL, which is deduced as follows. 

In Fig. 46, p. 290, let O now represent the apparent position 
of the moon’s centre, and suppose the observed point of the 
moon’s limb to be designated by M (not given in the figure). 
Conceive an. arc to be drawn from A tangent to the moon’s limb. 
The point of contact M, and the points A and O, form a triangle, 
right angled at M, of which the side WO is the moon’s apparent 
semidiameter = s’, the side AO = 90° + ¢, and the angle at A 
may be denoted by d. We have then 


sin s’ = sin d cos c 


Let 


6, = the observed declination of the limb, corrected for re- 
fraction, 
6’ = the apparent declination of the moon’s centre; 


then in the triangle AOP we have the sides AO = 90° + e, 
PA = 90° —n, PO = 90° — 6’, and the angles PAO = 0, = d, 
APO = 90° + (t — m);, whence, as in Art. 199 


sin 0’ == — sin n sin c + cosn cos c sin (6, = d) 
cos 6’sin (t —m) =  cosnsine + sin n cos ¢ sin (6, = d) 
cos 0’ cos (rt — m) = cos ¢ cos (6, = d) 


* See also Dr. Gounp’s remarks on the meridian circle of the Dudley Observatory, 
Proceedings of the Am. Association for the Ady. of Science, 10th meeting, p. 116. 
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But, as before, we shall neglect the insensible term sin 7 sin ¢, 
and put cos 7 = 1, and then the first and third of these equa- 
tions will suffice to determine 0’. Moreover, since in the case 
of the moon z will not exceed 1”, the neglect of m will cause 
no sensible error in cos(t — m). Hence we take 


sin 6’ = cos ¢ sin (6, = da) 
cos 6’ cos t = cos ¢ cos (0, = d) 


or, developing the second members, 


sin 6’= cos ¢ cos d sin 6, = sin s' cos 6, 
cos 6’ cos t = cos ¢ Cos d cos 6, + Sin s’ sin 6, 


whence, by eliminating cos ¢ cos d, we find 
= sin s’= sin 0’ cos 6, — cos 6’sin 6, cost (195) 
If now we put 


6 = the moon’s geocentric declination, 


Ss S 2 semidiameter, 

mo a eq. hor. parallax, 

g’ = the geocentric or reduced latitude of the place of 
observation, 


= the earth’s radius for the latitude ¢, 
4, 4’ =the moon’s distance from the centre of the earth 
. and from the place of observation, respectively, the 
equatorial radius of the earth being unity, 


we have, by the formule of Art. 98, Vol. L., 


4’ sin 6’— 4 sin 6 — psin ¢’ 
4' cos 6’ = 4 cos) — p cos ¢' cost 


this last being equivalent to the more rigorous one in (138) of 
Vol. I, when the moon is near the meridian; and by Art. 128, 
Vol. L., we also have 

4’sin s’ = 4 sin s 


Substituting these expressions in (195), after multiplying it by 
4’, we find 


+ 4 sin s = 4 sin (6 — 6,) + 2 4 cos 6 sin 0, sin? 37 
— psin (g’ — 6.) — p cos ¢’ sin 0, sin?z 
Vow. IT.—29 
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Dividing by Jd = : ——, this becomes 
sin z 


= sin s = sin (6 — 0,) + 2 cos 6 sin 6, sin? 37 
— p sin z sin(g’ — 0,) — p sin z cos g’ sin 0, sin? t 


where the last term is evidently insensible. If then we put 
sin p = p sin z sin (¢g’ — 4,) (196) 
we have 
sin (6 — 0.) = sin p + sin s — 2 cos 6 sin 6, sin? } 
The last term (which is the reduction to the La will 


seldom exceed 1/’, and may be put under the form 


2 
sin R=(3) sin? 1”. sin 20. 7 


“ 


The quantity t is here the true hour angle of the moon, to 
find which, let 


p, = the sidereal time of the observation, 


. i us moon’s transit, 
A Sane increase of the moon’s right ascension in one 
sidereal second ; 
then 
ee (li) Ge ae) 
and hence 
20 es ; 
R= sin 1” sin 26 (1 — A)? (# — »,)? (197) 


The first two terms of the value of sin (0 — 0,) differ but little 
from sin (p = s). To find their exact value, we have 


sin p + sin s = sin (p = s) + sin p (1 — cos 8) = sin s (1 — cos p) 
= sin (p + s) + 2sinpsin?}s = 2 sin s sin?4p 


The last two terms of this will seldom amount to a tenth of a 
second, and therefore the formula may be regarded as perfectly 
accurate under the form 


sin p += sins = sin(p = 8) = 3(p = 8) sin 1” sinp sins 


Now, since 0d — 0, and p = s differ by so small a quantity, the 
ratio of the sine to the are will be the same for both of them: 
hence we shall have, with the utmost precision, 


6=6,+tp+stt(p =s)sinpsins—R (198) 
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as given by Brssrn.* The upper or lower sign is to be used 
according as the north or the south limb is observed. 

The declination thus found is reduced to the time yp, of the 
observation. But if we wish its value at the time of the meri- 
dian passage, we must add to it the correction (u — »,)i’, in 
which 2’ is the increase of the declination in one sidereal 
second, or 
ks 
60.1643 


! 


where ad = the increase of declination in one minute of mean 
time, as now given in the American Ephemeris. The value of 
1 — / is found as in Art. 154: namely, taking aa = the increase 
of the moon’s right ascension in one minute of mean time, we 


have 
Aa 


i 
60.1643 
so that, putting 
— 
B 


we shall have 
log (1 — 2) = ar. co. log B 


and log B may be taken from the table on page 179. 

In practice, it will generally be most convenient to apply the 
several reductions directly to the observed zenith distance, as in 
the following example. 


Exampie.—The declination of the moon was observed with the 
meridian circle of the Washington Observatory, 1850, September 
17. The nadir point was first observed as follows: 


Circle Microscopes. 


A B C D |Means.| Micrometer thread in co- 
Nadie DOTut ae incidence with its image: 
t a, : (Nie Om ee n9 |y"4 |1.60| mean of 10 readings = 

at 2 ot : f # Q 


387.934. 


OF Jalil OU be G il) 42 
Means |0 .80|1 .65|2 .10|1 .50)1 .51 


The value of one revolution of the micrometer = 34/’.356, or 


* Tabule Regiomontane, Introd. p. LV. 
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1’ = 07.0291; and hence, by the method of Art. 197, the micro- 
meter zero (or reading of the micrometer when the circle reading - 
was 0° 0’ 0/’) was 


(M) = 887.934 + 07.0291 x 1.51 = 387.978 


The observation of the moon was as follows, S.L. denoting 
south limb: 


“aa 
| Circle Microscopes. Micro- 
Clock = y,| meter 
A B C D Mean. = M. 


Moon, 8. L.|55° 52! 45”.7|42”.8 |45/".2|46”.1| 44.95 |/21*17"219/39".956 


Barom.30,114 Att, Therm.64°. Ext. Therm.52°.8 32 |39 .904 
43 |39 875] 


The circle was west, in which position the readings are zenith 
distances towards the south. The correction for runs was 
— 0/’.75 for 3’, and since the excess of the reading over a multiple 
of 3’ is 1’ 44’’.95, the proportional correction for runs is — 0/’.48. 

The clock time of transit of the moon’s centre over the meridian 
By ae 21 (167.80. 

The latitude of the observatory is g = 88° 53’ 39/'.25, and 
therefore g — gy’ =11’ 14’’.54, log p = 9.9994802. The longitude 
is 5' 8” 12° west of Greenwich. 

For the date of the observation, we take from the Nautical 
Almanac 


C= 167 157, 
Ad = + 6.377 in 1” mean time, x= 54 9.64 
Noe eee Ol One ee ee S = 14’ 45’.49 


whence log (1 — 4) = 9.98521 and 1’ = +. 0.1060 


The correction for the micrometer, or MZ — (JM), converted into 
seconds, is additive to the circle reading. The reduction to the 
meridian, or A, found by (197), is also algebraically additive to 
the circle reading, attention being paid to the sign of 0; and the 
correction for change of declination to be added to the circle read- 
ing willbe —(u— p,) 2’. Since the sum of these three corrections 
should be the same for each micrometer observation, the precision 
of the observations will be shown by computing this sum for 
each. Thus, we find 
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i ty M—(M) R (San Sums. 
— 4.2 33.60 — 0.00 + 0” 44 34”.04 
— 15.2 81.82 — .03 +1 61 33 .40 
— 26.2 30 .82 ay oo 78 33 51 

Mean = 33 .65 


Hence we have 
Circle reading = 55° 52’ 44.95 


Corr. for runs = — 0 438 

Mean corr. for microm., &. = + 83 .65 

Apparent zenith distance = 55 53 18 .17 

By Table II. Refraction —= -+ 1 25 .60 

gy’ — 67, =¢9—6,—(¢—¢’) g—6,= 95 54 43 717 
= 55° 43’ 29” —(p+s)= — 59 27 .24 

By (196), p=44' 41.75 —t(p-+s)sinpsins= — 0 .10 
g—oO= 54 55 16 48 

g= 3858-8925 

é=—16 1 387 .18 


206. Observations of the declination of a planet, or the sun.—The 
larger planets are observed in the same manner as the moon, 
that is, by making the micrometer thread tangent to the limb, 
and when the planet is treated as a spherical body the observa- 
tion is also reduced in the same manner. 

In the case of the sun, both limbs may be observed. The 
reduction to the meridian may be facilitated by a table giving 
the logarithm of the factor 


9 
bis = sin 1” (1 — 2)*sin 26 


for each day of the fictitious year (Vol. I. Art. 406), such as 
Bussext’s Table XII. of the Taubule Regiomontane. ‘This table 
also gives for each day of the year the value of 


a = increase of the sun’s declination in 100 sidereal seconds, 


so that the reduction of the observed declination to the meridian, 
including the correction for the change of declination in the 
interval 7, is 


at 
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The correction for parallax may be put under the form 


” 

Lé cae Breer 
in which r = sun’s distance from the earth, the mean distance 
being unity, and in each observatory this quantity may be com- 
puted for the latitude, and for each day of the year, and also 
inserted in the table. In order to embrace every thing necessary 
for the complete reduction of the observed declination, the table 
contains also the sun’s semidiameter for each day of the fictitious 
year. 


207. Correction of the observed declination of a planet’s or the moon’s 
limb for spheroidal figure and defective illumination—Let us con- 
sider the most general case of a spheroidal planet partially 
illuminated. The correction to reduce the observed declination 
of the limb to that of the centre is equal to the perpendicular 
distance from the centre to the micrometer thread, which is 
tangent to the limb and perpendicular to the meridian. The 
formule for computing this perpendicular in general are (Vol. I. 
p. 580) 


ae tan % 


sin y = sin # sin V 
C 


ieee sin # cos 7 


i sin # 

in which s’’ is the required perpendicular, #? the angle which it 
makes with the axis of the planet (reckoning from the north 
point of the disc towards the east), ¢ is a constant depending upon 
the eccentricity of the planet's meridian, V the angular distance 
of the earth and sun as seen from the planet, and s is the equa- 
torial radius of the disc, or greatest apparent semidiameter at the 
time of the observation. The perpendicular here coincides 
with the declination circle, and consequently we have at once 
3 = — p, or 180° — p, according as the north or the south limb 
is observed; p denoting, as in the article referred to, the position 
angle of the axis of the planet. From the discussion in Vol I. 
Art. 354, it follows that (putting — p for #) the north limb will 
be full (and, consequently, the south limb gibbous) when sin p 
and sin V have the same sign. We shall, therefore, here change 
the sign of sin y, and take 
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tan p 


tanips— sin y = sin p’sin V 


Dea | (199) 


in which s,= the greatest apparent semidiameter at the mean 
distance of the sun from the earth, and 7’ = the planet’s geocen- 
tric distance. We then have the rule: the north or the south limb 
is the full limb according as sin x is positive or negative. The formule 
for computing p, V, and ¢ are given in Vol. I. Arts. 348 et seq., 
and s,1s given on p. 578. 

The gibbosity of Saturn, however, is wholly insensible, and 
even that of Jupiter at the north and south points of the limb 
cannot exceed 0/’.05, which is so much less than the usual errors 
of declination observations that it may be disregarded. Hence, 
for Saturn and Jupiter the correction will depend only upon the 
figure of the planet, and will be computed by the equations 


tan p Pe 8 sin p __ CS, cosp 
/ 


tan p — 


Cc r ! 


sin p’ r’ cosp! 

in which for Jupiter we take log c = 9.9672, and for Saturn 
e=y (1 — ee cos? l) = 7/(1 — [9.2706] cos? l), 1 and p being taken 
directly from the tables for Saturn’s Ring given in the Ephemeris. 


A further simplification may be permitted in the case of 
COs p 


Cos p’ 
will be very nearly unity, and if we take gf! = 2 we shall 


have the true value of s’’ within less than 0/’.05. 

It is hardly necessary to remark that when we neglect the 
gibbosity of Jupiter or Saturn, the mean of the observed decli- 
nations of the north and south limbs gives at once the declination 
of the centre. 

For Mars, Venus, and Mercury the correction will be only for 
defective illumination; but in this case we can avoid the separate 
computation of p and V, as follows. Substituting in the equa- 
tion for sin y (199) the values of sinp and sin V given in Vol. I. 
p- 577, and moreover observing that, since these bodies are 
regarded as spherical, we have c = 1, and, consequently, p’ = p, 
there results 


Saturn; for, on account of the small values of p, the ratio 


by = [cos 6’ sin D — sin 6’cos D cos(a’— A)] (200) 
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a’, )’ = the planet’s right ascension and declination, 
A, D = the sun’s i 2 
R, R' = the earth’s and the planet’s distances from the sun; 


and a positive value of sin y will here also indicate that the north 
limb is full and the south limb gibbous, and a negative value 
the reverse. Adapting this formula for logarithms, we have, 
therefore, 

tan / = tan D sec («/ — A) 


R sin Ff —.6’) sin D (201) 
Tee sin 7 


sin ¥ = 


or, more conveniently, perhaps, 
tan H — tan 0’ cos (a’ — A) 


R sin (D— £) cos 6’ (201*) 
hey cos H 


sin 7 = 


E being taken less than 90°, with the sign of its tangent. 
Then we find the reduction to the centre of the planet by the 
formula 


Ses = COS 7 (202) 


If the declination of a cusp of Venus or Mercury has been 
observed, we must find p by the formula (Vol. I. p. 577) 


tan p = cot (a — A) sin (Ff — 0’) sec F (203) 


in which F#’ has the same value as above, and then the reduction 
to the centre of the planet will be 


8 
” i) 
aes OND 


For the moon, when the gibbous limb has been observed, the 
formul (201) may be used for computing 7; but on account of 
the small difference of R and R’, we may put their quotient = 1. 
Since the declination of the gibbous limb will not be observed 
except when the moon is nearly full, it will be best to reduce 
the observations as if the observed limb were full, according to 
Art. 205, and then to apply a small correction for gibbosity. 
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This correction will be as=s — s cos ¥=sversin y. Hence the 
formule for the moon will be 


tan # = tan 0’ cos (a! — A) 
__ sin (D — FE) cos 6’ 
ia cos # 

As = § versin v 


sin x (204) 


EXAMPLE 1.—The apparent declination of the southern cusp 
of Venus, at its transit over the meridian of Greenwich, July 16, 
1852, observed with the transit circle, was 


6’ = 15° 0’ 45.60 
From the Nautical Almanac, we have 


oe OI AG log r’ = 9.4675 
A=T 438 42.80 DS == BING ey 


and from Vol. I. p. 578, 
s, = 8.55 


Hence, by (203), we find log tan p = 0.0031, and, consequently, 


Bs =o cos p = 20.53 
; 
and the apparent declination of the planet’s centre was, there- 


fore 
: 6 = 15° 1 6.13 


ExamPp.Le 2.—The apparent declinations of Jupiter’s north and 


south limbs, observed at Greenwich, March 18, 1852, were— 


N. Lb. -6’ = — 17°21" 57.36 
Sligo =f 22 87 61 


To illustrate the complete formule, let us take the gibbosity 
of the planet into account. For this purpose, we take from the 
Nautical Almanac f 


a = 230° 56’.4 . AG 22422520 


and from Vol. I. p. 574, 


nm = 357° 56.5 t == 25° 25'.8 
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Hence, by the formule (619), Vol. L, 


Hees 2012285 = 234° 52’3 
V=A—A=—10° 27.7 
F’ = — 20° 47'.5 log tan p = 9.4281 


Then, by (199), taking log ¢ = 9.9672, we have 
log sin y = 8.7025 


from which it follows that the south limb was full. Hence, 
taking s,;— 99'7,10.we tind 


For full limb  (s”) = .5"? — 19”.50 
r sin p 
For gibbous limb s” = (s”) cosy =19 A7 


The declination of the centre was, therefore, according to 
these observations, 


From N.L. 6 = — 17° 122’ 16.83 
Lee edly Ce ees SL 


Considering the difference of these results, which is by no 
means as great as often occurs in the Greenwich observations of 
Jupiter, it appears that the practice there followed of always 
applying the polar semidiameter (which is the one given in the 
Nautical Almanac) is quite accurate enough for these observations. 
Our more exact method will not be without application, however, 
in cases where greater refinement both in observation and 
reduction are attained. 


ExampLe 3.—At Greenwich, Feb. 6, 1852, the declination of 
the moon’s centre deduced from an observation of the north 
limb, on the assumption that this limb was full, was 


5’ — + 18° 17’ 0.58 
For the time of the moon’s transit on this date, we have 


a= 168° 1876 Mens a ves Sa led 
Ee aad ho ote ef D=— 15 36. 


whence, by (204), 
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which shows that the north limb was gibbous. The correction 
was 


AS = 8 versin y = 17.33 
and the true declination was, therefore, 


d= + 18° 17'1".91 


CHAPTER VII. 
THE ALTITUDE AND AZIMUTH INSTRUMENT. 


208. Tus instrument may be regarded as a transit instrument 
combined with both a vertical and a horizontal circle, by means 
of which both the altitude and the azimuth of a star may 
be observed at the instant of its transit through the vertical 
plane described by the telescope. This combination is not often 
used for the higher purposes of astronomical research, as every 
additional movement introduced into an instrument diminishes 
its stability and increases the risk of error. However, at Green- 
wich, a regular series of extra-meridian observations of the moon 
is carried on with such an instrument, for the sake of comparison 
with meridian observations. The instrument has there received 
the name of the altazimuth. In other places, it has been called 
the astronomical theodolite; and, in fact, the general theory of the 
instrument, which will be given hereafter, will be found to be 
directly applicable to the common theodolite employed in geo- 
detic measurement. 

Still another name is the wniversal instrument, so called on 
account of its numerous applications; but this name is usually 
given only to the portable instruments of this class. The small 
universal instruments of Erte are well known. 


209. Sometimes the horizontal circle is reduced to small 
dimensions, and designed simply as a finder, or to set the instru- 
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ment approximately at a given azimuth; while the vertical circle 
is made of unusually large dimensions, and is intended for the 
most refined astronomical measurement. The instrument is 
then known simply as a vertical circle. Such is the Erren Vertical 
Circle of the Pulkowa Observatory, the telescope of which has 
a focal length of 77 inches, and its vertical circle a diameter of 
43 inches.* 

This instrument is permanently mounted upon a solid granite 
pier G, Plates X. and XI., which is insulated from the walls and 
floor of the building. It stands upon a tripod which is adjusted 
by foot screws. The three feet are so placed that two of them are 
in the east and west line: hence, but one of these two is seen in 
Plate X., which is a projection of the instrument upon the plane 
of the meridian, while all three are seen in Plate XI., which is 
a projection upon the plane of the prime vertical. The meridional 
foot screw w carries a small circle 7 graduated into 360°, the index 
of which is attached to the foot. One revolution of this circle 
changes the inclination of the instrument in the plane of the 
meridian 318’: consequently, one division corresponds to 0/’.88. 

The centre of the instrument is held in place by the support 
a attached to the pier. 

The vertical stand consists of a hollow cone of brass, in which 
turns the steel axis 6. The lower extremity of this axis is convex 
and smoothly finished, and is supported by a system of three 
counterpoises ¢, suspended upon levers which relieve the pressure 
upon the bearing points of the vertical axis, and thus diminish 
the friction. At the top of the conical stand is a 13 inch azimuth 
circle, the verniers of which are attached to the axis. This is 
provided with a clamp and tangent screw which is moved by the 
rod d in giving the upper portion of the instrument a small 
motion in azimuth. . 

The upper extremity of the vertical steel axis carries the strong 
- oblong bar e, which may be called the bed of the instrument. 
On this bed rests the adjustable frame vfgv, which supports the 
horizontal axis 7 in the Vs at vv. This axis should be perpen- 
dicular to the vertical axis, and its adjustment in this respect is 
effected by means of two opposing screws at h. 

The axis ¢ has two equal cylindrical pivots of steel at vv. It is 
hollow, to admit light from the lamp x, which is reflected upon 


* See Description de obser. cent., &c., p. 180. 
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the threads of the reticule of the telescope by a mirror in the 
interior of the tube at u. The telescope and principal vertical 
circle o are firmly and invariably attached to one extremity of 
this axis. At the opposite end of the axis is a smaller vertical 
circle m, which serves as a finder. From the centre of this 
finding circle radiate four conical arms terminating in ivory 
balls x. The telescope is swept in the vertical plane solely by 
means of these balls, never by touching the telescope or prin- 
cipal vertical circle. When the telescope is approximately 
pointed and clamped, fine vertical motion is given to the tangent 
screw by the rod &. The instrument is swept in azimuth by 
means of an ivory ball at /, the fine azimuthal motion being 
given by the rod d. 

The circle is read off by four microscopes attached to a square 
frame a, which is fixed to the frame yfgv. The level £ attached 
to this frame indicates its inclnation with respect to the horizon. 
The circle is divided to 2’, and the microscopes read directly to 
single seconds, and by estimation to 0’’.1, or even less. The 
probable error of reading of a single microscope is given by 
Prrers as only 0/’.090 in observations by day, and 0/’.098 in 
observations by night. 

The friction of the horizontal axis in the Vs is diminished by 
the single counterpoise p, which, by means of a lever, the fulcrum 
of which is at g, supports the principal part of the weight of the 
telescope, vertical circles, and horizontal axis, by exerting an 
upward pressure at 7. The point r being at suitable distances 
from the two Vs respectively (nearer to the principal circle than 
ty the finder), the friction in both Vs is equally relieved; while 
the whole weight of the movable portion of the instrument is 
transferred to a point q, very near to the vertical axis of rotation. 

The striding level s rests upon the pivots of the horizontal 
axis, and, by reversal in the usual manner, serves to measure the 
inclination of this axis to the horizon. 

The reticule at ¢is composed of three horizontal threads, two 
of which are close parallel threads (the clear space between them 
Heing only 6/’), which serve for the observation of objects which 
present sensible discs, or of those which are too faint to be 
observed by bisection (see Art. 198). The third thread is 18/7 
from the others, and is used in observing stars by bisection. 
The unequal distances prevent mistakes in the choice of threads. 
These horizontal threads are crossed by two vertical ones, the 
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distance of which is 1’ of are. The middle point between these 
determines the optical centre of the instrument, and all obser- 
vations are made as nearly as possible at this point. 

The extreme accuracy attainable in the observation of zenith 
distances with this instrument may be inferred from the follow- 
ing values of the zenith point Z (see Art. 219) of the circle, as 
cited by Struve, from observations by PETERS upon Polaris at its 
upper and lower culminations : 


roe. Upper transit. |pig from Lower transit. pig from 
VA mean, Ti mean. 

April 13! 0° 0’ 88.13 |— 0.32 April 14| 0° 0’ 337.64 |— 0’.08 

14. 83 .26|— 0 .19 16 330.32 (0 40 

17 eich (ee), 20 33 45 = 027 

19 | 33 .27/—0 18 21 38 94/0 22 

20 33/75 | 0) 80 22 33 .48\— 0 .24 

29 aba) oS 24 33 .50/— 0 .22 

24 33 .45| 0 .00 25 83 .94/+ 0 .22 

25 33 .68|-++.0 .28 26 33 98/4 0 .26 

26 23 120i 0u16 27 33 82/4 0 .10 

27 33 .68\+ 0 .23 28 34 .12|+ 0 .40 
Mean 0 0 38 .45 Mean 0 0 33 .72. 


Hence, assuming that the zenith point of the circle was constant, 
the probable error of an observed value of Z was, for either 
series, = 0/’.22. This error, however, is the combined effect of 
error of observation and variability of Z But the probable 
error of observation was obtained from the discrepancies between 
the several values of the latitude deduced from these same obser- 
vations, and was = 0/’.17: so that the probable error of Z 
arising from variation in the instrument was = 7/[(0/’.22) 
— (0’.17)?] = 0’..14. The means for the two transits differ by 
0’".27, which results from the use of different divisions of the 
circle and different parts of the micrometers. To compare them 
justly, it would be necessary first to eliminate especially the 
division errors. 

In order to eliminate the effects of flexure, the objective and 
ocular are made interchangeable (see Art. 204). 

The dimensions of the various parts of the instrument may be 
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taken from the plates, which are accurately drawn upon a scale 
of 4,.* 


210. The portable universal instruments are usually so arranged 
that the vertical circle may be removed altogether from the 
instrument when horizontal angles only are to be measured. 
One of these instruments is represented in Plate XII. In Fig. 1, 
the instrument is arranged for measuring horizontal angles 
exclusively. In Fig. 2, the telescope of Fig. 1 is replaced by 
another which is connected with a vertical circle and (unlike the 
azimuth telescope) is at the end of the horizontal axis. The 
weight of the telescope and vertical circle is counterpoised by a 
weight at the opposite end of the axis. The focal length of the 
telescope in instruments of this kind seldom exceeds 24 inches. 

The following discussion of the theory of these instruments 
will apply to any of the forms above mentioned, as I shall con- 
sider their two applications—to azimuths and to altitudes— 
independently of each other. 


211. Azimuths.—Let A,H, Fig. 49, represent the true horizon, 
Z the zenith. Let us suppose the vertical 
axis of the instrument to be inclined to the 
true vertical line, so that when produced it 
meets the celestial sphere in Z’. Let A,’ “y 
be the great circle of which Z’ is the pole. | 
The plane of this circle is that of the gra- 
duated horizontal circle of the instrument. 
Let us suppose, further, that the horizontal 
rotation axis, which should be at right = 
angles to the vertical axis, and, consequently, parallel to the 
horizontal circle, makes a small angle with this circle. As the 
instrument revolves about its vertical axis, this rotation axis will 
describe a conical surface, and the prolongation of this axis to 
the celestial sphere will describe a small circle AA’ parallel to 
A,H’'. Wet A be the point in which this axis produced through 
the circle end meets the sphere at the time of an observation, 
and O the position of a star observed on any given vertical thread 


Fig. 49. 


* For all the particulars of the use of this instrument in the determination of the 
declination of a circumpolar star, consult the memoir of Dr. C. A. F. Pursrs, 
Astron. Nach., Vol. XXII., Resultate aus Beobachtungen des Polarsterns am Ertelschen 
Verticalkreise der Pulkowaer Sternwarte. 
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in the field. As the telescope revolves upon the horizontal axis, 
its axis of collimation describes a great circle of which A is the 
pole, and the given thread describes a small circle parallel to 
this great circle. Let 


c =the distance of the thread from the collimation axis, 
positive when the thread is on the same side of the 
collimation axis as the vertical circle, 

6 =the elevation of A above the horizon as given by the 
spirit level applied to the horizontal axis, positive when 
the circle end of this axis is too high, 


¢ = the inclination of the vertical axis to the true vertical 
line, 

i’ —the inclination of the horizontal axis to the azimuth 
circle, 

C= AZH, 

GAZ LT. 

A =the azimuth of the star O, reckoned from A, as the 
origin, 


z = the zenith distance of the star ; 


then, in the triangle AZZ’, we have AZ = 90° — b, ZZ! =i, 
AZ'=90°— iW, AZZ’ = 180° — a, AZ’Z=a’, and hence, by 
Sph. Trig., 
sin b = cos a’ cos 7’ sin 7 + sin 7’ cos7 
cos b cos a = cos a’ cos 7’ cos 7 — sin 7’ sin 7 
cos b sin @ = sin a’ cos 7’ 


But, 7, 7’, and b being always so small that we can neglect their 
squares, these equations may be reduced to the following 


Casa 
b=icosa’+7?—=icosa+?7 


\ (205) 


In the triangle AZO, we have the angle AZO = A,ZO + A,ZA 
= A + 90°— a, and the sides AO =90°-- ¢ AZ = 90° —; 
ZO =z; and hence 


— sin ¢ = sin b cos z — cos b sin z sin(A — a) 


or, since c and 6 are small, 


b Cc 


sin(A — a) = : 
tan 2 sin z 


Hence sin (A — a) is also a small quantity, and the angle A —a 
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is either nearly 0° or nearly 180°. When the vertical circle at 
the extremity of the horizontal axis is to the left of the observer, 
as supposed in the above diagram, it is evident that A and a are 
nearly equal, and A — ais nearly 0°. But if the instrument be 
revolved about its vertical axis, the azimuth circle remaining 
fixed, and the telescope be again directed to the same point O, 
the vertical circle will be on the right of the observer, and the 
angle a will be increased by 180°. In this case, therefore, 180° 
— (A — a) will be a small quantity. Putting, then, A —a or 
* 180° — (A — a) for sin (A — a), we have 


A=a- bcotz +c cosec z [Circle L.] 
A =a + 180° — b cot z—ccosecz [Circle R.] 


Now, a is not read directly from the azimuth circle; but if we 
put A’—the actual reading and A,— the reading when the 
point A in the diagram is at A’ (in which case the telescope, 
when horizontal, is directed towards the point A,), we have 


Gad ==(A' — A, [Cirele: i: ] 
a+ 180° = A’— A, [Circle R.] 

and, therefore, 
A= A’—A, +6 cot z + ¢ cosecz 


We have supposed the azimuths to be reckoned from the point 
A,; but it is indifferent what point of the circle is taken as the 
origin when the instrument is used only to determine differences 
of azimuth, since the constant A, of the above equation will 
disappear in taking the difference of two values of A. For 
absolute azimuths, let us denote the azimuth of the point A, from 
the south point of the horizon by A,; then the azimuth of the 
star, also reckoned from the south point, will be equal to the 
above value increased by A,. If, therefore, we add A, to the 
second member, and then write a4 for the constant A,— A,, we 
shall have 
-+ Circle L. 


A= A'+ aA +b cotz +c cosec 2 - les Girele mil (206) 


where A now denotes the absolute azimuth of the star, and aA 

is the index correction of the circle, or reduction of the readings 

to absolute azimuths. The readings for circle right differing by 

180° from those for circle left, we shall always assume that the 

former have been increased or diminished by 180°, when two 
Vou. II.—21 
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observations in different positions of the instrument are com 
pared. We must now determine the quantities c, 6, and aA. 


212. To find cand 6.—The most convenient method of finding 
c with a fixed instrument is to employ a collimating telescope 
placed on a level with the horizontal axis, such as that of Plate 
IIL. Fig. 2. The cross thread of the collimator is observed as an 
infinitely distant point or star, whose zenith distance is 90° ; and 
hence cotz = 0, coseczg = 1. Observing it both with circle left 
and circle right, let A’ and A’’ be the readings of the azimuth 
circle (the latter reading being changed 180°); then we have 


Hoe ASA Bete 
A= A" + aA —e 
whence 
C= (Al =A) (207) 


which will give ¢ with its proper sign for circle left. 
If, however, the collimator is below the level of the horizontal 
axis, so that the telescope must be depressed to observe it, we 


shall have 
A= A’ + AA + bcotz- ¢ cosec 2 
A= A”’+ aA —b cot z — ¢ cosec 2 


in which z = the zenith distance of the collimator = 90° + de- 
pression of the telescope, as given by the vertical circle; and 
then 

c¢ = 4(A” — A’) sin z — b cos 2 (208) 


and 6 must be observed with the striding level applied to the 
axis, as in the case of the transit instrument. 

When the telescope is furnished with a micrometer, the value 
of ¢ can be found with still greater accuracy, by means of two 
collimators, as in Art. 145. 


213. In some cases the spirit level cannot be reversed upon 
the axis, but is permanently attached to it or to the frame which 
supports it. It is then reversed only when the instrument is 
reversed, and it becomes necessary to know the level zero, or 
that reading of the level which corresponds to a truly horizontal 
position of the axis. Let this reading be denoted by J, and iet 
t be the reading at any observation; then we have 


b=/1—4], 
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where / is the mean of the readings of the two ends of the 
bubble, the readings towards the circle end being always 
reckoned as positive. Then to find /, we have recourse to the 
observation of two stars, one near the zenith and the other near 
the horizon, or of the same star at different times. Let A’ and 
A’’ be the circle readings, 2’ and 2’’ the zenith distances of the 
high star for circle left and circle right, respectively; l/, l/’ the 
level readings ; then, A, and A, being the true azimuths, we have 


A, =A’ +44 + (l’ —1,) cot 2 + ©¢ cosec 2 
A, = A” — AA -- (l" — 1,) cot 2”— ¢ cosee 2” 


The difference between A, and A, may be accurately computed 
from the known place of the star, and a small error in its 
assumed place will not sensibly affect this difference. If the star 
is near the meridian (which will be advisable), the change in 
azimuth will be sensibly proportional to the interval of time 
between the two observations: so that if 7” and 7” are the 
sidereal clock times, and dA the change of azimuth in one 
second, we shall have 


A, — 4, = 8A(T"—T") (209) 


in which 7’” — «’ is in seconds; and dA may be found by the 
differential formula 
dA 15” cos 6 cos q 


lhe ee 
‘ela sin Z 


where 0 = the star’s declination, and the parallactic angle q is 
found by Art. 15 of Vol. I. The difference of the above equa- 
tions will then give us the equation 


— ml, + ne =p (210) 
where, to abbreviate, we denote the known quantities as follows: 


m = cot z + cot 2” n = cosec 2’ + cosec 2” (211) 
p =A" —A'—(A, — A.) —l cot 2 — 1” cot 2” 


Tn like manner, the low star gives a similar equation, 
—mi,+ne=p' (212) 


and from the two equations the unknown quantities /, and ¢ are 
found by the usual method of elimination. If a greater number 
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of stars have been observed, the equations may be combined by 
the method of least squares. Where there is a collimator, it 
may always be used as the low star of this method. 


214. To determine the index correction aA, observe any 
known star in either position of the instrument; then, having 
computed its true azimuth A (Vol. I. Art. 14), we have 


AA =A —(A' 6 cot Z + € Cosec 2) (218) 


215. With a portable instrument, such as is described in Art. 
210, the use of a collimator is impracticable, since the telescope 
is at the extremity of the axis, and, therefore, cannot be directed 
towards the collimator in both positions. We must then employ 
stars, as in the preceding article; but, as in portable instruments 
the inclination is usually found directly by the striding level, 
a single star observed in both positions of the instrument will 
suffice. If we take the pole star when near the meridian, we 
can suppose z to have the same value for both observations, and 
we shall have the two equations 


A, =A'+aA-+D’ cot z + ¢ cosec 2 
A, = A” + aA — db" cot z — ¢ cosec Zz 
whence 


c=} [A”— A’— (A, —A,)] sin z — 3(0'+ Bb") cosz = =(214) 
and it will then be expedient to determine aA at the same time 
from either A, or A,. 


216. If instead of a single vertical thread there are several 
such threads, the horizontal transit of the star is observed over 
each by the clock, as in ordinary transit observations, the reading 
of the horizontal circle remaining constant. If the star is not 
too far from the equator, the intervals of time between the 
transits over the threads may be assumed to be proportional to 
the distances of the threads, and then the mean of the times 
will be the time of the star’s transit over the mean thread. The 
collimation constant c, determined from stars as in the preceding 
articles, will then be that of the mean thread. 

If some of the threads have failed to be observed, let f,, f,, &e. 
be the distances of the threads from the mean thread, positive 
for threads on the same side of the mean as the vertical circle; 
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and let f, be the mean of the distances of the threads observed, 
and 7) the mean of the observed times. Then f, + ¢ is the dis- 
tance of the mean of the observed threads from the collimation 
axis; and the azimuth at the time 7) is found by the formula 
(206), substituting f, + ¢ for c. 


217. If, however, we wish to proceed rigorously, we can 
reduce each thread to the mean thread by the complete formula 
(138), 
sin f 


cos 6 cos n cost 


sin J — 


+ 2 tantsin?3 J 


where J is the interval of time in which the star describes the 
distance f, andi —+r—m, t being the east hour angle of the 
star, and m and n being determined by (78). But we can sim- 
plify this formula for our present purpose as follows. Let A, 
Fig. 50, be the point in which the horizontal axis of the a 
instrument meets the sphere when produced through es 
the circle end (as in Fig. 49); Z the zenith; P the pole; 

O the star when in the collimation axis of the telescope. o 


Since the small inclination of the horizontal and verti- a 
cal axes will not sensibly affect the thread intervals, we 

can here regard A as the pole of the vertical circle ZO, 

and the triangle OPD may be regarded as right angled | 


at D. In this triangle we have, according to the de- 
finitions of m, n, and c in Art. 1238, the angle OPD = OPZ 


— APZ = — z — (90° — m) = — 90° — Zé, and the side PD 
eA 90° = (90? =n) — 90° == n. We. have alsorOr 
=; 90° — 0, and the parallactic angle POD =q. Hence 
cos n cost = — cos q 
tant— tang sino 


apd our formula becomes 


sin f 


COs 0 COS g 


sin [ = — -- 2 sind tang sin?} I 

This applies for circle left. For circle right it is only necessary 
to change the sign of the first term, so that the complete for- 
mula is 


gee ted Po ain) tan gained (215) 
cos JcOosY 
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circle L. 
circle R. 
correction algebraically additive to the observed time on a thread 
to reduce it to the mean thread. The angle q is found by the 
formula 


in which we take Ree sign for [ , and J will be the 


: sin A cos ¢ 
sin g = ——_— 


216 
cos 6 ( ) 


where g will have a negative value for a negative value of sin A, 
that is, for a star east of the meridian. 

It is evident that, except for stars of considerable declination, 
the last term of (215) will be inappreciable, and that we may 
usually take 

jpa ee ee (217) 

COs 0 COS 
which amounts to assuming that J is proportional to f, as in the 
preceding article. 


218. To find the equatorial values f of the thread intervals, 
we observe the transit of a slow moving star near the meridian, 
and from the observed intervals J we deduce 

sin f = = sin I cosé cosg 

219. Zenith distances.—Let Z, Fig. 51, be the zenith; Z’ and A 
the points in which the vertical and horizontal axes meet the 
celestial sphere; BB’O’ the great circle of 


ue which A is the pole, and, consequently, the 

O circle which represents the vertical circle of 
= Bip the instrument. This circle is also that which 
i is described by the collimation axis of the 
telescope. Let the star O be observed on a 

horizontal thread OO’, which is perpendicular 


to the great circle BO’ and coincides with 

the are AO’ produced. The point B’, in 
which AZ’ produced meets the circle BB’, represents the ex- 
tremity of that diameter of the alidade circle which is in the 
plane of the vertical axis of the instrument. The are B’O’, or 
the angle B’AO’ which it measures, is then the zenith distance, 
as given directly by the circle when the circle readings for B’ 
and O! are given. Let the reading of the circle, when the thread 
is at B’, be denoted by €,, and the reading on the star by ¢, and 
put B’O’ or B’AO’=z,; then, for circle left, 

4=0—¢ 
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the graduations of the circle being supposed to increase from 
right to left. Now, for different azimuths the relative position 
of B and B’ is different; and they coincide only when the point 
A is in the plane of the circle ZZ’. Their relative position at 
any time is given by the level attached to the alidade circle; for ’ 
let /, be the reading of the level when B and B’ coincide, and 
1 the reading in any other case; then, denoting BB’ by az,, we 


have 
AZ, = l, ay), 


where we take the left-hand end of the level as the positive end, 
the observer facing the circle, and / is half the algebraic sum of 
the readings of the ends of the bubble. 

Let us now denote the are BO’ by 2’; then we have 


Papa a 


and in the triangle AOZ we have the required true zenith dis- 
tance ZO =z, the angle OAZ = 2’; and, in accordance with 
the notation before employed, 40 = 90° + OO’ = 90° + ¢, 
AZ = 90° —b. Hence 


cos z = — sinc sin b + cosc cos b cos 2” 
Substituting cos 2’ = cos? $2’ — sin? $2’, we obtain 


cos 2 = — sin ¢ sin b (cos? 32’ + sin?} 2’) 
++ cos ¢ cos b (cos? 3 2’ — sin? 3 2’) 
= cos (c + b) cos? 4 2’ — cos (e — b) sin? $2’ 
cos 2’ —cosz = 2sin 3 (2+ 2’)sin 3 (2 — 2’) 
= 2sin?}(c + 6b) cos’? 32’ — 2 sin? 3 (¢ — b) sin? 3 2" 


The second member involving only the squares of the small 
quantities ¢ and 0, the correction z — 2’ is very small, so that for 
the factor sin $(z-+ 2’) we may take sin z’= 2 sin $2’ cos 32’. 
Hence, substituting the ares for the sines of the quantities $(z— 2’), 

$(¢ + 6b), 4(c — 6), we find 
j (< b 
e—-s =[- 
2 


. =o ... 
sin 1” cot $2’ Sl sin 1’ tan d 2 = 29 18) 


and ¢ will denote the correction for collimation and the inclina- 
tion of the horizontal axis. Substituting the value of z’ above 
given, we find as the value of the zenith distance given by the 
observation circle left, 


eee 1 tie 
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In this equation the constants ¢,and /, are unknown; but if we 
now revolve the instrument 180° in azimuth, and observe the 
zenith distance of the same point, we shall have 


Za Ge Az,= —(,—l) 


1 


where ¢/and /’ denote the new readings of circle and level; and 
hence, for circle right, 


e='—G—h+l te 


in which ¢’ is computed by the formula 


, 1\2 a PIG 

c= ( sin L” cot re —( 5 j sin 1” tan 4 2/ 

ce’ and b’ being the collimation and the inclination of the hori- 
zontal axis in this second observation. The mean of the two 


values of Zz is 
2=16'- 9 $40 —D +4049 (219) 


Their difference gives the constant quantity 


Gor be Ce ae ee es) (220) 


If the observed point is moving, as in the case of a star, the value 
of z obtained by (219) is the zenith distance at the mean time 
between the two observations; and, in general, if a series of zenith 
distances is taken, one half in each position of the circle, and if 
€ denotes the mean of all the readings of the circle in the first 
position, ¢’the mean of all the readings in the second position, 
{and /’ the corresponding means of the readings of the circle 
level, the value of z given by (219) will be the zenith distance at 
the mean of all the observed times, provided always that the series 
is not extended so far as to introduce second differences of the 
change of zenith distance. The correction for second differences, 
when necessary, may be found by Vol. I. Art. 151. 

The corrections ¢ and ¢/ are, however, usually rendered insen- 
sible in practice by observing the star only in the middle of the 
field, or as near the middle vertical thread as possible, which is 
effected by giving the instrument a slow motion in azimuth while 
the star passes obliquely across the field, and thus keeping the 
middle thread constantly upon the star until it is bisected by the 
horizontal thread. 
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220. The equation (220) gives the constant ¢, + /, only when 
the observed point is fixed. The cross thread of a collimating 
telescope, or a distant terrestrial object, may be used as such a 
fixed point; and, making the observations in the two positions of 
the circle only in the middle of the field, we shall have e’ —e=0: 
so that if we dencte this constant by Z we shall have 


Zee et 0) (221) 


With this constant thus determined, a single observation of a star, 
in either position of the instrument, will suffice to determine its 
zenith distance, since we shall then have 


z= Z—(€+ 1) for circle L. \ 
-= 644 + i) — Ti *3 74 R. (222) 


The constant Z expresses the zenith point of the instrument, since 
in any position of the instrument it is equal to the corrected circle 
reading when the observed object is in the zenith. 

If we wish to deduce Z from the two observations of a star, at 
the times 7 and 7’, we must compute the difference between the 
zenith distances for the interval 7’ — 7, which, when the interval 
is small, may be done by the differential formula 


Ag = (7’— iD 1G T’) cos g sin A 


in which 7’— T' is supposed to be reduced to seconds of arc; 
and then we shall have 


Z=sELOVEECH+U)— dae 


It should be remarked that when ¢’ is numerically less than 
¢ we should increase it by 360°, both in finding z and Z. 

When the two observations, in opposite positions of the axis, 
are made very near to the meridian, it will be advisable to reduce 
each to the meridian by applying the correction for circum- 
meridian altitudes, Vol I. equation (289) or (290). 


Exampie.—To determine the zenith point of an Erten uni- 
versal instrument, the telescope was directed towards a distant 
terrestrial object, and the horizontal thread was brought into 
coincidence with a sharply defined point in the object, twice in 
each position of the vertical circle. The readings of the circle 
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and level were as below. The graduations of the level proceed 
continuously from the right to the left end of the tube, so that 
the values of / are simply the arithmetical means of the readings 
The value of one division = 2’’.0. 


of the two ends of the bubble. 


27.4 
27.45 
25.5 
25.7 


(== 26.52)—= bo 04 


Circle readings. |Level readings. 
180° 2’ 30”.| 40.2 14.6 
ircle L. 
peas { 180 235 | 404 145 
359 56 20 38.2 12.8 
Circle R. | 
359 56 380 88.5 12.9 
Hence, taking the means, we have 
6 == 180% 2 52"5 = 27.48 
C= 300) Gr 20n: [== 20160 
¢,—= 269 59 28 .75 
i + 58 .04 
ii) a0 lee TO 


A series of zenith distances of the sun’s lower limb near the 
meridian was then taken, as follows: 


Circle Level 
reading. reading. 
229° 50’ 50” | 38.4 12.7 
229-57 Lo |) 33. 12:3 
Circle L.(| 280 2 5 |87. 115 
230° 5 Tor 3av.G" 12: 
230 7 0 \387.° 114 
309. 52 15 (334 7.9 
309 54 10 | 388. 7.4 
Circle R. (| 309 57 50 |33.6 8.0 
310 240 |33.8 88 
SLOT 29 51343 8.8 


Circle reading cor- | Observed zenith 
rected for level. distance. 


229° 51’ 41.1 | 40° 8 40”.7 


229 
230 
230 
230 
309 
309 
309 
310 
310 


Here we have, at the first observation, 


6 == 229° 50°50" 


and hence the corrected circle reading is 


58 5 
2 53 
6 4 
7 48 
52 56 
54 50 
58 31 
3 22 
9 57 


div. 


40 2 16 
39 57 28 
39 54 17 
39 52 33 
52 84 
39 54 28 
39 58 9 
40 3 0 
40 9 36 


OH DR WD ORE w 
oe 
es 

S ee GS he co & 


[S25 55 511 


€ +d = 229° 51’ 41.1 
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The correction e being neglected, as all the observations were 
made near the middle vertical thread, we obtain the observed 
zenith distance by subtracting this number from the above read- 
ing Z of the zenith point, whence z = 40° 8’ 40’.7. 

In like manner, the fifth observation gives ¢’ + 1’ = 309° 52’ 
56’’.3, from which Z is subtracted to obtain the observed zenith 
distance. The results are given in the last column. : 

These observations have been employed in Vol. I. Art. 171, as 
circummeridian zenith distances for determining the latitude. 


221. In the methods of observation above adopted, a know- 
ledge of the deviations 7 and 7’ of the horizontal and vertical axes 
from their normal positions is not required: it is only necessary 
that they should be small. Their values, however, can be readily 
investigated. In the triangle AZZ’, Fig. 51, we have the angle 
ZAZ' = BB’ = az,=1,—1, as given by the level of the vertical 
circle; and this triangle gives, with the notation of Art. 211, 

: sin 7 sin @ 
a 
cos b 


or, taking a for a’, 
isina=1,—l 

At the same time, we have, from the level 6 of the horizontal axis, 
tcosati?v—b 


Now, revolving the instrument 180°, the angle a@ becomes 
a + 180°, and if the level reading of the vertical circle alidade is 
now J’, and the inclination of the horizontal axis is 6’, we have 


—isna=1I,—l 
—icosa+i’=b)' 


Hence, combining these equations with the former ones, we find 


isina=i(l’—l) } 
i cosa = 1(b— J’) (223) 

which determine 7 and a; and for 7’ we have 
v= 30+ 8’) (224) 


We can, also, find 7 and 7’ from the inclinations of the horizontal 
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axis alone. Let the alidade of the azimuth circle be set at any 
assumed reading A’, and then also at A’ + 120° and A’ + 240°, 
and let b, b’, b’’, be the inclinations of the horizontal axis given 
by the spirit level in the three positions. Then we have 


icosa+i’ = b 
i cos (a + 120°) + =D! 
t cos (a + 240°) + 7’= b” 


the sum of which, since cos (a4 + 120°) + cos (a + 240°) =— cosa, 
gives 
M=104V40" (225) 


This, subtracted from the Ist equation, gives 


i cosa = ea (226) 


and the difference of the 2d and 3d equations gives 


bY Ke b! 
V3 


i sin a = 


(227) 


which determine i anda. This method may be used for instru- 
ments intended only for the measurement of horizontal angles. 
In other instruments, both methods may be used, and the 
accordance of the results will indicate the degree of perfection 
in the workmanship of the vertical pivots of the instrument. 


222. If there are several horizontal threads, the vertical transit 
of the star over each may be observed, revolving the instrument 
slowly in azimuth, so.as to make the transit occur in the middle 
of the field. The level of the alidade should be read both 
before and after the observation, and the mean taken as the 
value of / at the mean of the times of observation. When the 
star is not near the meridian, the zenith distance represented by 
the mean of the threads may be assumed to correspond to the 
mean of the observed clock times; but when near the meridian 
a correction for second differences will be necessary. 

In Vol. I. Art. 151, we have found that if 7, 7,, 7;, &c. are 
the several clock times, and 7’ their mean, the corrected time 
corresponding to the mean of the zenith distances is 

TD = Tea Sem, (228) 


6 
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in which, ¢ being the hour angle, A the azimuth, and g the par. 
allactic angle of the star, 

__ cos A cos q 

Oe sine 


k 


and m, is the mean of the quantities 
2sin?} (7, —T) 2sin?}( 7, —T) 
Z ? SS &e. 
sin 1” sin 1” 


which can be taken from Table V. 
For the moon, the correction will be 


js Ud — 4? km, = mae 
log B being found as in Art. 154. 

If the transit is defective, that is, if only a portion of the 
threads have been used, it will be necessary to apply to the circle 
reading a correction which will be the difference between the 
mean of the threads observed and the mean of all the threads. 
Thus, f denoting the distance of any thread from the mean of 
all, and x the number of threads observed, the correction of the 


circle reading will be 2D) f. The value of f for each thread will 


be most readily found from complete vertical transits of stars 
which are not so near to the meridian as to require a correction 
for second differences, since we can then use the differential 
formula 


PBT. <= 15 Teos ¢ sin A 


in which J is the interval between the observed time on a thread 
and the mean of all the times. . 

To compute f with regard to second differences, see Vol. I. 
Art. 150. 


223. Correction of the observed azimuth and zenith distance of the 
limb of the moon or a planet for defective illumination.—I shall here 
consider only the case where the defective limb 0” a spherical 
body has been observed. The formule for the more general 
case of a spheroidal planet may easily be deduced from those 
given in Vol. I. (occultations of a planet); but they are rarely 
if ever required. We can obtain the formule necessary for our 
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present purpose from those given in Arts. 157 and 207 of the 
present volume. It is evident that in computing the apparent 
outline of the dise of a planet as illuminated by the sun, any 
system of co-ordinates may be used, provided the places of the 
sun and planet are expressed in the same system. If, then, we 
here substitute the zenith for the pole, and, consequently, the 
horizon for the equator, we have only to substitute zenith dis- 
tance for polar distance and azimuth for right ascension, or 
rather the negative of the azimuth, since the azimuth is reckoned 
from left to right, while right ascension is reckoned from right 
to left. Putting, therefore, 


the sun’s zenith distance, 
a azimuth, 
= the planet’s azimuth, 
S == the planet’s apparent semidiameter, 
k, R' =the heliocentric distances of the earth and planet, 
respectively, 


ll I 


d 
a 
A 


we have, by (124), for computing the horizontal perpendicular 
from the centre of a planet upon the vertical thread in contact 
with the defective limb, the formule 


sin y = ze sin d sin (a — A) 
& (229) 
$! == $ C08 x 


The value of sin y will be positive or negative according as the 
2d or the Ist limb is defective. The value of s may be found 
from its mean value given in Vol. I. p. 578. 

For the moon we can put R= R’. 

Since we wish to deduce from the observed azimuth of the 
defective limb that of the true limb, the correction of the circle 
reading will evidently be 

s—s”  § versin y 


oA = ms (230) 


sin 2 sin z 


Again, for computing the vertical perpendicular from the centre 
of a planet upon the horizontal thread in contact with the 
defective limb, we deduce from (200), by changing the co-ordi- 
nates, 


: hoe é 
sini R [sin z cos d — cos z sin d cos (a — A)] (281) 
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or, by introducing an auxiliary, 
tan # — tan d cos (a — A) 


_ & sin(“e— #)cosd (231*) 


sin 
a Ti cos 


and the correction to reduce the observed zenith distance to 
that of the true limb will be 
og = § versin y (282) 


A negative value of sin y will indicate that the upper limb is 
defective. 


Exampie 1.—The following observations of the azimuths of 
Reguus and of the moon’s 1st limb were made at Greenwich 
with the “ Alt-azimuth,”’ May 3, 1852. 


Vertical | Clock time of Circle reading Level Clock 
circle. transit. —— Ar Ey) corr. 


DIL. | Left 11? 26 12*.95 {140° 39’ 39.71 | — 19.79 | + 112.46 
DIL. | Right | 12 3 11.30 (828 45 10 .76|— 20 .14 11:61 
Regulus.| Right | 12 31 55.87 | 62 54 48 .04|— 21 .49 11 .55 
Regulus.| Left 12 45 26.33 |246 34 47 .08|— 19 .28 Lbebe 


The clock time is the mean of the transits over six vertical 
threads. The clock correction is the reduction to sidereal time. 
The circle readings are the means of four microscopes. The 
level reading is the mean of the indications of six levels, per- 
manently attached to the instrument, parallel to the horizontal 
axis. The level zero, found by the method of Art. 213, was 


l, = — 30.16 


0 
The collimation constant for the mean of the threads was, for 
circle left, 
¢— + 2".68 
The observations being taken for the purpose of determining 
the moon’s azimuth, we shall first find the index correction of 
the circle from the known star Regulus. From the Nautical 
Almanac, we take 
Reqilus ha Nee =) 10° 0" 29.82 
2 Decl. == + 12° 41’ 16.6 
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The hour angles of the star at the two observations are, there 
fore, 
Circle R.  ¢ == 2* 81%°377.60 
Circle, -t == 2545758005 


with which and the latitude g = 51° 28’ 37’’.84 we find, by Vol. 
I. Art. 14, the stars’s true avi: x:uthand approximate zenith distance, 


Circle. R.« A= 52210) 137.10 e== 49° 22’ 
Circle L. A= 55 50 89 .25 Ze= dL @ 


The zenith distances are apparent, i.e. affected by refraction. 
The instrumental corrections for the star are then as follows: 


6=1— 1], = bcotz | He cosecz 


Circle B. | + 8".67 | — 7.45 | — 3'.58 
Circle L. | +10 88 | +8 .79 | +3 45 


The corrected circle readings are, therefore (adding 180° to 
the reading for Circle R.), 


Corrected A’ 


Circle BR. | 242° 54’ 327.06 
Circle L. | 246 34 59 .32 * 


which, compared with the true azimuths A above found, give 
the index correction 


AA | 


Circle R. | 169° 15’ 41.04 
Circle L. | 169 15 39 .93 
Mean AA — 169 15 40 48 


In the next place, to reduce the observations of the moon 
there were given the moon’s apparent zenith distances (affected 
by parallax and refraction), 


Circle L. ) z = 77° II’ 
Circle R. D}z=73 17 


whence we find the instrumental corrections to be as follows: 
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| 
6=1—], =E b cot z =E © cosee z 


Circle L. || + 107.37 | + 2736 | + 2".75 
oe Res 02), 8.0L |e? 8D 


_ Applying these and the above found index correction, the true 
azimuths of the limb, as observed, were 


Circle L. At 11* 26” 24°41 Sid. time, A = 309° 55’ 25’.30 
Se Re. “12s aeeresd ee A=3818 0 45 43 


But the moon’s limb was slightly gibbous; and we must yet 
apply the correction given by our formule (229) and (230). As the 
correction will not be sensibly different for the two observations, 
we may compute it for the middle instant between them, which 
corresponds to the mean solar time 8" 57" 16°. For this time, we, 
find 

Sun’s a — 2" 44” 15°.74 
«  §— 4 15° 54'.6 


from which we deduce the sun’s azimuth and zenith distance 
@ == 186° 4.9 Gi) == MYBO eie1! 
and hence, taking A = 313° 58’.1 (the mean value), we find 
log sin y = n8.5570 | 


Since sin y is negative, the first limb is defective. Then, since 
$s = 16’ 36.5, and the mean value of z = 75° 14’, 
__ § versin y 


dA == 07.67 


gin 2 
which is to be added to the above values of A to obtain the 
azimuths of the true limb. 


Exampe 2.—The following observations of the zenith dis- 
tances of the collimator and of the moon’s lower limb were 
made at Greenwich with the “ Alt-azimuth,” Sept. 21, 1852. 


Saad pe Rae eae} 


Collimator. Circle L. | 315° 47’ 57.55 74.63 315° 49’ 12.16 
“« R.| 160 23 380 .34 82 .46 160 24 52 .80 
Di 98-1 24S 


Vou. Il.—22 
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The vertical transit of the moon was observed on six horizontal 
threads, as follows: 


2 sin?4 (7, — T)| 
Thread. Clock. T,—T m=— ean 
>) LL. Circle-L. I ; 19% 38" 11°.5 | — 3" 43+.4 27” 22 
II 389 47.0|—2 7.9 8 .93 
III ADL 1 0) Va Si 0 .83 
IV 42 42. }1.0 47.6 1 24 
Wi 44 55/+2 10.6 9 .30 
VI Ae yee OS 24 .53 
T=19 41 54,92 Mm=12.01 
Clock corr. = + 7.90 


Sid. time =19 42 2.82 
Circle reading € = 341° 27’ 12”.55 
Level “ i + 80 .90 

Pd = Si 928059 25 
Vath eye pee 
z= 76 388 29 .03 


This zenith distance does not correspond precisely to the mean 
time 7, on account of the moon’s proximity to the meridian. To 
obtain the correction for second differences by our formula (228), 
we have found above the differences, between the several clock 
times and 7) and also the mean (m,) of the corresponding values 
of m. Then, to compute the coefficient k, we have the approxi- 
mate azimuth of the moon at the time of observation, 


A = -+ 8° 58/8 
and the moon’s declination, 

6 = — 28° 84/5 
Hence, with g = 51° 28’.6, by the formule 


: sin A ' BinsAL LA 
sin ¢ = —— COS ¢ sin ¢ = sin 2 
cos 0 Cc 
we find 
log sin g = 9.0257, log sin t = 9.2194 
and then 


log k = 0.7727 
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The change of the moon’s right ascension in one minute of 
mean time was 2°.40; and hence, by the table in Art. 154, 


ar. co. log B = log (1 — A) = 9.9823 
We have, therefore, the correction 
Pe rin = oA 87 


which, being added to the sidereal time above found, gives 
19" 42” 7°.19 as the sidereal time corresponding to the apparent 
zenith distance 76° 388’ 29/7.08. 

It should be observed that in the observation of the collimator 
one of the horizontal threads is made to bisect the cross thread 
of the collimator, and, therefore, in order to make the circle 
readings correspond to the mean of the threads, they must be 
increased by the distance of the horizontal thread employed 
from the mean. In the above observations the 4th thread was 
employed, the distance of which from the mean of the six 
threads was 1’ 0/.46. This quantity is included in the circle 
readings above given, so that they represent the readings that 
would have been obtained if the fictitious thread called the mean 
thread had actually been observed in coincidence with the 
threads of the collimator. 

In conclusion, it is to be remarked that stars may be observed 
both directly and by reflection in a mercury horizon, in which 
case the difference of the readings of the vertical circle (corrected 
for any change in the alidade levels, &c.) will be twice the alti- 
tude. The combination of the reflected observations in both 
positions of the axis gives the nadir point of the instrument, 
precisely as the zenith point is obtained from the direct obser- 
vations. The method of conducting such observations will be 
readily inferred from what has already been said under Meridian 
Circle, Art. 200. 

[For an example of the use of a portable instrument in de- 
termining the longitude of a place by the moon’s azimuth, see 
Vol. I. p. $80. ] 


340 ZENITH TELESCOPE. 


CHAPTER VIII. 


THE ZENITH TELESCOPE. 


224. Tue zenith telescope is a portable instrument specially 
adapted for the measurement of small differences of zenith dis- 
tance. It is essentially the invention of Capt. ANDREW TALcorT, 
of the U.S. Corps of Engineers (in 1834) ; but, having been exclu- 
sively adopted in the U.S. Coast Survey for the determination 
of latitudes, it has there received several improvements, which 
have given it a more general character than it possessed at first. 
As now constructed, it can be used at all zenith distances, and 
may be regarded as designed for the comparison of any two nearly 
equal zenith distances in any azimuths. The method of finding 
the latitude by this instrument, now known as Tualcott’s Method, 
is one of the most valuable improvements in practical astronomy 
of recent years, surpassing all previously known methods (not 
excepting that of BussEL by prime vertical transits) both in sim- 
plicity and in accuracy. 

Plate XIII. represents one of the zenith telescopes of the 
U.S. Coast Survey. The telescope is attached to one end of a 
horizontal axis Q, and is counterpoised by a weight O at the 
other end, which is so connected with the telescope by the 
curved lever P, P, P as to tend not only to equalize the pressure 
of the axis QY upon the two Vs, but to prevent the flexure of the 
axis. The Vs of the horizontal axis, one of which is seen at J, 
are connected with each other by the horizontal bar M, and 
thereby to the vertical column C. This column revolves about 
a vertical axis and carries a vernier and clamp e, by means of 
which it may be set at any reading of the horizontal circle BB. 
The vertical axis and horizontal circle are secured to a tripod, 
the feet of which, A, A, A, are levelling screws for adjusting the 
verticality of the axis. The striding level S is applied to the 
horizontal axis, as in the case of the transit instrument. 

We now come to the distinctive features of the instrument, 
the spirit level £ and the micrometer #. The level Lis at right 
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angles to the horizontal axis, and, consequently, in the plane of 
motion of the telescope, and is firmly connected with the bar H, 
which revolves upon a centre secured to the telescope: so that 
it may be placed at any angle with the optical axis of the tele- 
scope. In order to set the level at any given angle approximately, 
the bar H carries a vernier, which by the clamp J ean be fixed 
at any reading of the vertical circle K, and this circle is perma- 
nently connected with the telescope. This circle, being graduated 
from 0° at its middle point to 90° in each direction, will, when 
properly adjusted, give the zenith distance of a star towards 
which the telescope is directed when the bubble of the level is 
in the middle of the tube; and it therefore serves as a finder by 
setting the vernier upon the given zenith distance of a star and 
then revolving the telescope until the bubble plays. When the 
telescope is thus approximately set, it is clamped by the screw 
G, which acts upon a circular collar around the horizontal axis, 
and then a fine motion in zenith distance can be given to the 
telescope by the tangent screw #. This fine motion is required 
only in bringing the bubble of the level nearly to the middle of 
the tube. 

EF is a filar micrometer with one or more movable threads 
carried by a single micrometer screw with a graduated head 
reading directly to hundredths of a revolution, and by estima- 
tion to thousandths. In the instruments m use, one revolution 
is usually less than 50’’, and hence each observation is read off, 
by estimation, within less than 0/.05. There are usually added 
several fixed vertical threads, so that the instrument can be used 
as a transit instrument when required. 

In the preliminary adjustment, when setting up the instru- 
ment, the test of the verticality of the axis Cis that the reading 
of the striding level S is not changed while the instrument makes 
a complete revolution in azimuth. The perpendicularity of the 
horizontal and vertical axes Y and C’ is proved when, after 
having made C vertical, Q is horizontal; and the latter is proved 
by reversing the level S upon the axis. 

The middle transit thread can be approximately adjusted by 
causing it to coincide with a very distant terrestrial point in two 
positions of the telescope for which the readings of the hori- 
zontal circle differ exactly 180°. This, however, is but an 
approximation; for there will be a parallax in the apparent 
position of any terrestrial point as observed in the two positions, 
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since the absolute position of the centre of the telescope is 
changed by twice its constant distance from the vertical axis. 
We can easily compute the amount of this parallax in a given 
ease and allow for it; for if d = the distance of the centre of the 
telescope from the vertical axis, D = the distance of the object, 
and p = the parallax, we have 


d 


Bee Drain ee 


but, as the horizontal circle is not designed for very accurate 
measures, it will not usually be worth while to use this method 
further than to make a first adjustment. A perfect adjustment 
can be directly effected by the use of two collimating telescopes 
(Transit Inst., Art. 145), for which we can temporarily use the 
telescopes of two theodolites or other field instruments at hand. 
When the instrument is used as a transit, the collimation con- 
stant can be determined from a number of stars observed in the 
two positions of the axis by the method of least squares, sup- 
posing two different azimuths but the same collimation in the 
two sets of equations of condition, as in the example, p. 202. 

The verticality of the transit threads is proved by the methods 
used for the transit instrument. 

In finding the latitude by meridian observations, the instru- 
ment is frequently revolved in azimuth 180° for the alternate 
observation of north and south stars, and, to save time in this 
operation, two stops, 6, b, are provided, which can be clamped 
at any points of the limb of the horizontal circle, and, conse- 
quently, at such points that the telescope shall be in the meri- 
dian when the clamp e bears against either stop. 


225. Talcott’s method of finding the latitude-—Two stars are 
selected which culminate at nearly equal zenith distances, one 
north and the other south of the zenith. The difference of their 
zenith distances must be less than the breadth of the field of the 
telescope, and it is better to have it less than half this breadth, to 
avoid observations near the edge of the field. Their right ascen- 
sions should be nearly equal, so that their transits may occur 
within so short a period that the state of the instrument may be 
assumed to have remained unchanged; but a sufficient interval 
should be allowed for making the necessary observation of the 
level and micrometer and for reversing in azimuth. The stops 
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having been previously set (by means of some known star) so as 
to mark the meridian, the finding circle K is set to the mean 
zenith distance of the two stars, and the telescope is pointed so 
as to make the reading of the level Z nearly zero. The tele- 
scope can now be directed upon either star by revolving the 
instrument about the vertical axis, and this axis is supposed to 
be so nearly vertical that the reading of the level will not 
be greatly changed, since for accurate determinations with a 
spirit level it is always important to make the inclinations which 
it is to measure as small as possible, and not to use the extreme 
divisions. The chronometer times of the transits of the stars 
have been previously computed from their right ascensions and 
the chronometer correction. The instrument being set for the 
star which culminates first, when the star comes into the field 
an assistant calls the seconds of the chronometer, and the 
observer bisects the star by the micrometer thread as nearly as 
possible at the computed time of transit; or, failing in doing 
this satisfactorily, he bisects it soon after, and records the actual 
time of the observation. He then reads the level and micro- 
meter, revolves the instrument 180°, and observes the second 
star in the same manner. 

Several bisections of the star might be made while it is passing 
through the field, and each could be reduced to the meridian ; 
but in the Coast Survey a single deliberate meridian observa- 
tion is regarded as preferable to several cireummeridian obser- 
vations.* 

We must not fail to remark that, since the excellence of this 
method depends upon the invariability of the angle which the 
telescope and level make with each other, the observer must not 
touch the tangent screw J after having set for the proper zenith 
distance, until the observation of the two stars is completed. 
The same restriction does not apply to the tangent screw JF, 
which moves the telescope and level together; and, in case the 
vertical axis is not very well adjusted, it may be necessary to 


* The single observation is preferable on the score of simplicity in the subsequent 
reductions, but it cannot be regarded as more accurate than the mean of several 
properly taken observations. The best reason for preferring the single observation 
is found in the present state of the star catalogues, for even the single observation 
with the zenith telescope is subject to a less probable error than the place of the star 
in most of the catalogues that have to be used. It is, therefore, preferable to 
simplify the individual observations and to multiply observations by taking different 
pairs of stars. 
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use this screw, after turning to the second star, in order to bring 
the bubble of the level near the middle of the scale. 

Now let m be the micrometer reading (reduced to arc) for the 
southern star. Let m be the micrometer reading for any point 
of the field arbitrarily assumed as the micrometer zero; and let 
z be the apparent zenith distance represented by m, when the 
level reading is zero. Let us also suppose that the micrometer 
readings increase as the zenith distances decrease. Then, if the 
level reading were zero, the apparent zenith distance of the star 
would be 


&o zie (m, =e m) 


Let / be the equivalent in arc of the level reading, positive when 
the reading of the north end of the level is the greater; let r be 
the refraction. Then the true zenith distance of the southern 
star is 


z=24+m—m+l4r 


The quantity z -+ mis constant so long as the relation of the 
level and telescope is not changed. We shall, therefore, have 
for the northern star 


Z=2z,+m—m—l'+r 
Hence we have 
2—2=mM—m4+U4+il4+r—r 


But, if d and 0’ are the declinations of the south and north stars, 
respectively, and ¢ the latitude, we have 


g=60 +2 
g — é! Sekt a 
and, therefore, 


48) +4@—2) 
e+ yt Lov—m +40 4D 44ae—r) | CO) 


Thus, to the mean of the declinations we have to add three cor- 
rections, which I shall consider separately. 


we 


Il Il 


226. The correction for refraction—The observations being 
usually restricted to zenith distances less than 25°, and the differ- 
ence of zenith distance being necessarily less than the breadth 
of the field of the telescope, the difference of the refractions is 
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so s.aall that the variations depending on the state of the barom- 
eter and thermometer are not sensible, and we may employ the 
equation 


eC 
Z 


in which, if z—z’ is expressed in minutes, the differential 
quotient — will denote the change of the mean refraction cor- 
responding to a change of one minute of zenith distance. If 
we take Brsszu’s formula for the refraction, 


(iT nvalee: 


in which « may be regarded as constant for small variations of 
z, we have 
dr a sin 1’ 


dz cos? z 


by which we readily form the following table: 


dr 

: dz 
0° | 0.0168 
5 .0169 
10 01738 
15 .0180 
20 .0190 
25 0205 


The principal term in the value of z — 2’ is m’— m, and we 
may in practice take (m’ — m being expressed in minutes) 


$0 — P= 4G! —m) — (234) 


The correction for refraction then has the same sign as the cor- 
rection for the micrometer.* 


* If we wish to consider the actual state of the air as given by the barometer and 
: dr 

thermometer, we have only to multiply the values of i by B and y, whose loga- 
Zz 


rithms are given in Table II. 
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9927. The correction for level.—lf we denote the readings of the 
north and south ends of the bubble by n and s, the inclinations 
observed at the observations of the south and north stars, re- 
spectively, expressed in divisions of the level; or, as I shall call 
them, the level readings, will be 

n—S8 n'—s' 
2 2 


Ly = 


and, putting D = the value of a division of the level in seconds 
of arc, we shall have 


(fr BY) Vea 17D 


and the correction for the level will be 


, — ie) 

WU 4+D=3 +) d=(SEV=CFD)D e285) 
Thus the correction for the level is found with its proper sign by 
subtracting the sum of the south end readings from the sum of 
the north end readings, and multiplying one-fourth the remainder 
by the value of a division. 


228. The correction for the micrometer.—If we denote the actual 
micrometer readings for the south and north stars by MZ and 1’, 
expressed in revolutions of the screw, and put & = the value of 
a revolution in seconds, we have | 

1 (m’ —m)=1(M’— M)R (236) 

We have supposed the readings to increase as the zenith dis- 
tances decrease, or, which is the same thing, that the readings 
increase from the upper part of the field towards the lower part. 
This is desirable only on account of the symmetry it gives to the 
reductions, the proper sign of the correction being determined, as 
in the case of the level, by always subtracting south readings 
from north readings. But it is well to reverse the instrument 
occasionally, using the telescope sometimes on the right and 
sometimes on the left of the vertical axis, in order to eliminate 
any unknown peculiar error of the instrument, and in conformity 
with the general principle of varying the circumstances under 
which different determinations of the same quantity are made. 
This reversal, of course, reverses the sign of the readings, and 
therefore when the readings are the reverse of those above sup- 
posed it will be sufficient to mark them all with the negative 
sign, and then to proceed by the same formule as before. 
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229. Reduction to the meridian.—When from any cause the 
observer fails to obtain the meridian observation, a single extra- 
meridian observation is usually substituted. This observation 
may be taken in either of two ways. 

First. The instrument is left clamped in the meridian, and the 
star is observed at a certain distance from the middle vertical 
thread, the time being noted. The reduction to the meridian is 
then the same as for the meridian circle (Art. 199), namely, z 
being the hour angle of the star in seconds of time, 


4 (157)? sin 1” sin 26 


This is to be added to the observed zenith distance of a southern 
star, or subtracted from that of a northern star, and in either case 
one-half of it is to be added to the latitude. The correction to 
the latitude is, therefore, 


x = 1(15r)*sin 1” sin 26 — [6.1347] x? sin 20 (237) 


when one of the stars of a pair is observed out of the meridian. 
If both are so observed, two such corrections, separately com- 
puted for each, must be added. If the star is south of the 
equator, the essential sign of the correction is negative. 
Secondly. We may follow the star off the meridian by revolving 
the instrument in azimuth, keeping the star near the middle 
vertical thread. The reduction is then the same as that of 
circummeridian altitudes (Vol. I. Art. 170), namely, 


(157)? sin 1” cos ¢ cos 6 


2 gin 2 


which is always subtractive from the observed zenith distance, 
and therefore the correction to the latitude in this case will be 


an (157)? sin 1” cos gcosd 


(238) 


a 4 sin Z 


the upper sign for a northern and the lower fora southern star. 


230. Selection of stars.—The fundamental stars whose declina. 
tions are determined with the highest degree of precision are too 
few to afford suitable pairs for this method, and hence we must 
have recourse to the smaller stars. Those of the 6th or 7th 
magnitude are the smallest that can be easily observed with a 
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portable instrument. But, as the declinations of these stars are 
not very precisely determined, we are obliged to employ a large 
number of pairs in order to eliminate their errors as far as possi- 
ble by taking the mean of all the results. The British Associa- 
tion Catalogue will generally furnish from fifteen to thirty pairs 
for any given latitude on almost any night in the year, but, as 
the declinations of the stars selected will often be found to rest 
upon a single observation, or upon a single authority, these ought 
to be rejected unless they can be found also in more recent 
catalogues. In order to secure every available pair, the catalogue 
should be consulted from the earliest right ascension which the 
daylight at the time of the beginning of the series of observa- 
tions permits, to the latest hour at which it is desirable to observe. 
It is found expedient to prepare a table in which all the stars 
which culminate within 25° of the zenith, both north and south, 
are arranged in the order of their right ascensions. From this 
table suitable pairs are selected to satisfy as nearly as possible the 
following conditions: 1st, The difference of the zenith distances 
in a pair should not be more than 10’; in order not to have to 
observe either star near the edge of the field, and also in order 
to lessen the effect of an error in the determination of the value 
of the micrometer screw. 2d, The difference of the right ascen- 
sions of a pair should not be less than one minute, so as to give 
time to read the micrometer, and to revolve the instrument to 
be prepared for the second star; and not greater than about 
twenty minutes, to avoid changes in the state of the instrument. 
3d, The interval between pairs should afford time for reading 
the micrometer and level, and for setting the instrument for the 
next pair. 4th, The greater zenith distance should be as often 
that of the northern as that of the southern star, as an error in 
the value of the micrometer screw will thereby be rendered less 
sensible. The effect of such an error would evidently be wholly 
insensible in the case of a pair whose zenith distances were 
exactly equal; and, in general, for any number of pairs the effect 
of such an error upon the final result will be the more nearly 
insensible the more nearly we approach to the condition 


ig Mig = (U (239) 
231. ExampLe.—To illustrate the preceding method, I extract 


from the records of the U.S. Coast Survey, by the kind permis- 
sion of the Superintendent, a portion of the observations taken 
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at the Roslyn Station, Virginia, in July, 1852, and shall give them 
very nearly in the form in which they are recorded and reduced 
upon the survey. After selecting the most suitable pairs of stars 
by the process above described, a list is made out for the use of 
the observer in preparing for each observation, as follows: 


Programme for Zenith Telescope. 
U.S.C.S. Roslyn Station, Va. Approx. lat. = 87° 14’ 


Star. Mag. AR. Dec. Zen. Dist. Setting. 


B.A.C.4843| 6 | 14°33" 21°| 4+ 45° 3°] 7° 49'| N. 
Pe AGV21. G6 le ueesy | 99 14/8 0} s | oe 
© 2902 | 6 | 144837 | 99 14) 8° 0! 8 
Onna bi ia enveess: C45. 4 8 Os Ne ee 
ced591h| 6) ends soo 26 Capdiiok 90 |S: 

« 5092| 7 115 20 21 47 85/10 21/| N, | 10 21 
re t5002 1 ees 20n81 | 47 8h 110 21.1 Ne 

« 5192; 5 115 36 33| 26 46|/10 28/| 9, | 10 4 
&e. &e. 


The following are some of the observations taken by Mr. Duan: 


Star. Micrometer. Level. | 
Date, Merid. 
a Beal a. | Reading (Dif Z.Dist.| N. | 8. | N= 8: ae 
Rev. RE 
July 9| 4843; N. 29.590 32.4 | 35.0 
4902| S. 12.340 | + 17.250 | 84.0 | 35.3 | — 3.9 
-« 9 | 4902) S. 12.340 34.0 | 35.3 — 
4965| N. 13.990 | + 1.650 | 33.8 | 87.0 | — 4.5 
« 9)4991) S. 23.810 SlLZ 39.0 
5092 | N. ARS | tk {erAly BOVE SD) | — Bull 
“« 9})5092) N. 25.520 389.2 | 38.0 
5192! S. 14.800 | + 10.725 | 32.8 |.41.0 | — 2.0 
CO oO NTs ON. 14.805 48.5 | 43.6 1029 
5922] S. OAOAG HS) |) a= TUN eieAl) 1 A) |) He TLL 
BEG) 64s eS. | 8.2250 |e 44.4 | 49.4 20 .5 
6530; N. 5.360 | — 2.865 | 50.2 | 43.5 | + 1.7 
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The stars 5911 and 6453 were observed out of the meridian at 
the hour angles 10°.9 and 20°.5, respectively, the instrument 
remaining in the meridian. 

The next step is to deduce the apparent declinations for the 
dates of the observations from the catalogues, using for this pur 
pose not only the B. A.C., but also any later catalogues in which 
the stars can be found. 

The value of a revolution of the micrometer was R — 41/’.40, 
and that of one division of the level was D = 1’’.65. The com- 
putation of the latitude is then as follows: 


Corrections. 


Star. Sand 8 (6 + &) Latitude. 
Microm. Level. Refr. Merid. 


4843|1.45° 2! 56.56 


4902|129 14 1 507°. 8’ 20”.21|-+5’57”.08|—1”.61|+-0".10 37° 14’ 24.78 
foi ta gece! 18 62.70/40 84.15) = 1) .80\4-0-01 ed oe ees 
Pa ak ce sel 18 50 .55|-+0 35 .50|—0 .87|4.0 .01 ; 25 .19 
Oo, e419 cule7 1044/0518 42) .01| 0 .93)-80 66 26 .19 
oh eae 2 4lg7 18 81 .92|—4 5 ,71|—0 .45|—0 .07|+0.02 25 .71 
6453) 22 27 47 -3ll37 15 93 g1|_-0 59 .81|4.0 .70|—0 .02)+.0.04 25 .22 


6530} 52 3 O .31 


Mean = 37 14 25 .36 


232. Discussion of the results.—In combining the results ob- 
tained by this method, we should have regard to their respective 
weights. The weight of any result from a pair is a function of 
the probable error of the declinations of the stars and of the 
probable error of observation. 

The probable error of an observation of a single pair, which 
may be denoted by e, is found by comparing all the observations 
on the same pair with their mean, where a sufficient number of 
observations have been taken. Assuming that the probable 
error of observation is the same for every pair of stars, we can 
find its mean value from all the pairs, as follows. If v, denotes 
the residuals obtained by comparing the mean of the results by 
the first pair with n, individual results from that pair, v, the 
residuals obtained in like manner from a second pair on which 
there are n, observations, and so on, to m pairs, we have, accord- 
ing to the theory of least squares, 
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(n, — 1) ee = [vv] 
(Ns cee 1) Ca q° [v,v,] 


Cie lee g (0.0) | 
where [v,v,] &c. denote the sums of the squares of the values 
of v,, &c., and q is the factor for reducing mean errors to pro- 
bable errors. (See Appendix, Art. 15.) The sum of these equa- 
tions gives 
(n —m) ee = g?[vv] 


where n denotes the whole number of individual results, or n 


SS ye My se os + n,, and [vv] the sum of the squares of all 
the residuals, or [vv] = [v,v,] + [v2] +.-.-- +r [v,,2,,|- Hlenee 
we have 
eee ical q = 0.6745 (240) 
n—™m : 


ExampLe.—The individual results of the whole series of ob- 
servations at Roslyn in July, 1852, from which the above are 
extracted, were as stated in the following table, in which only 
the seconds of latitude are given. 


To find the error of observation. 


No. of Lat. Means v 0) 
pair 
i 24" 78 
2 WS). ADS 
5 9» 
3 25 .19 94" 83 BO .1296 


24 AT 36 .1296 


26 .19 01 0001 
25 .94 26. .20 .26 .0676 
26 47 27 0729 


26 .14 23 0529 


26 .08 | 25 .91 olf .0289 


} 02 : f 


| 22 .95 22 .73 22 0484 


22 .50 .23 | .0529 


B02 
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To find the error of observation.—Continued. 


—— 


No. of 
pair. 


I 


We) 


— 
Oo 


CO 
—_— a ee ee os 


— 
al 


—_ 
bo 


= 
> 


— 
(Se) 
ay — et Se —_——_, 


= 
on 
SS 


Lat. 


26 . 


24 . 
24 .f 


263 
24 . 
Zor 


25 . 
25. 
24 . 
25 . 


24. 
24 . 
25) 
24 . 


25. 


25 .0( 


25 . 
20) 


Means. 


25”.93 


25 


iw) 
or 


18 


.89 


Babs) 


bo 
nS) 


84 


36 


1089 
.2601 
.0009 
0064 
0025 
.0009 


0841 
0441 
0529 
0144 
.0361 
.0400 


5184 
.0625 
0121 
.3136 
0784 


.0169 
1089 
0081 
.0900 


8844 
0841 
.0100 
.0576 


1.0609 
9604 
0025 


2601 
8136 
1.2100 
0001 


0004 
0841 
1024 
.0016 


8025 
.1296 
0324 
0001 
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To find the error of observation.—Concluded. 


No. of 


pair. Lat. Means. v vv 
25.94 08 | .0064 
26 74 P "72 | 5184 
164) 96 93 | 26702 | ‘of | “oqaq 
25 18 | '34 | .7056 
25 82 40 | 1600 
26 01 ‘59 | .3481 
174.) 94 99 | 29 42 | “43 | ~qe49 
24 86 ‘56. | 3136 
26 87 29 | 0841 
Deed Ne. 14 | 0196 
184 | 95 94 | 26-08 | ‘54 | ‘0576 
26 16 08 | .0064 
25 97 25 | 0625 
25 .92 20 | 0400 
19) 95 60 | 25-72 | “to | ‘oqa4 
25 87 35 | 1295 
26 .02 32 | 1024 
25 67 03 | .0009 
207 on gg Neo!) | 49°) oser 
25 .20 ‘50 | .2500 
| 26 32 39 | 1521 
B1) 1-95 49. | 95.93 | 44 | 1986 
25 .97 04 | .0016 
(= 19 
n—-mnm = ay 
11.0169 : 
Hence, ¢= 0.6745 4| FT == (/C3C 


This small probable error is a proof both of the great supe- 
riority of this method over all previously known methods of 
finding the latitude, and of the skill of the observer. Possibly 
an unusually favorable state of the atmosphere may have con- 
spired to give this series an unusual degree of precision, as the 
average experience of the observers of the Coast Survey gives 
the value of e somewhat greater. Not to assume too high a 
degree of precision for the observations, the adopted value upon 


the Survey is 
e = 0”.50 


Vou. II.—23 
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and even this value justifies us in asserting that the results by 
this method compare favorably with those obtained by first class 
fixed instruments of the observatory, where the measures depend 
upon graduated circles. 

But the precision of the results is impaired by the defective 
state of the catalogues of the smaller stars, and the necessity for 
using such stars in order to find suitable pairs is the only “weak 
point of the method.” The facility of multiplying the number 
of pairs, on account of the extreme simplicity of the observations, 
in a great degree compensates for this defect. 

If now we denote the probable error of an observed zenith 
distance by e,, we have the probable error of the observed differ- 


ence z — 2/= 7/2e7, and the above value of é is the probable 
error of $(z¢ — 2’). Hence we have the relation 


y 267 == hy 
C= 0 2 OTL 
which represents the combined effect of the error in bisecting 
the star, the culmination error, or error peculiar to a culmina- 
tion arising from an anomalous variation in the refraction and 
affecting differently the two stars of a pair, the errors in the 
values of the micrometer and level divisions, and errors arising 
from changes in the instrument (resulting chiefly from changes 
of temperature) between the two observations of a pair. Of 


these, the most important is the error in bisecting the star, 
which is strictly the error of observation. 


and, taking e = 0/’.50, 


233. Having found the probable error of observation, we can 
determine that of the declinations employed. For if ¢ is the 
probable error of observation of the mean value of g deduced 
from all the observations of a pair, H, the probable error of the 
mean of two declinations, H, the probable error of the latitude, 
composed of the errors of observation and declination, we have 

Ey= Ee? + 2 
whence 
b= ee (241) 


The mean value of #, for the stars employed (or for a given 
catalogue when all the declinations are taken from the same 
catalogue) will be obtained from this adage by employing in 
the second member mean values of HZ and &. A mean value 
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of H, will be obtained from the several means obtained from 
the several pairs (without here attempting to assign different 
weights to the observations) by the usual method from the 
residuals. The value of ¢ may be obtained for each pair from 
the single observations, when they are sufficiently numerous; 
but, as we wish in the present investigation to use all the obser- 
vations even where a pair has been observed but once, it will be 
expedient to compute ¢ by the formula 
e2 


a 


n 
in which e¢ is the probable error of a single observation of a pair 
already found, and ” is the number of observations of that pair. 
Then the mean of all these values of « is to be used in (241), 
and this mean is, for m pairs, 


pao al (242) 


ean 1 be 


From the observations at Roslyn above given, we form the 


following table: 
To find the probable error of declination. 


No. of] pag. . ae No. of Ail 

pair. Obs. == 7 n 

! 1 24”.78 |. 57 | .8249 I. 
Z | 25 05 | 30) .0900 le 
3 | 24 .83 ) .52| .2704 0.500 
4 | 26 .20 |] .85) .7225 0.333 
® | 2) 291 i206) ol36 0.333 
6 | 22 .78 | 2.62} 6.8644 0.500 
7 | 25 93 | .58| .38364 0.167 
8 | 25.18") 17) 20289 0.167 
9 1 207.89 | 04 2916 0.200 
10 | 25 .79 | 44; .1986 0.250 
11 | 24 53 | 82] .6724 0.250 
12 | 25 .15 | .20| .0400 


13 025. 22c sy 20109 
14 | 24 84) 51) .2601 
15 | 25 86! .0O1| .0001 
16 | 26 .02 | .67| .4489 
17 | 25 42; .O7| .0049 
L326 .08.7)) 735" onc 
TZ ae) el a looo 
20, | 25 .70 | 85] .1225 
21 | 25 .93 | .58}| .3364 


Mean = 25 .35 [vv] =12.0083 


S/H OLA AR RR ROR ROO ON WWD HE 
So 
(Je) 
[5] 
eo 


eet 
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Fis = 0.408 x oe jot) pS ee ee 
20 20 
EY = 0.240 E, = 0".49 


The result is the probable error of the quantity $(0 + 0’). That 
of a single declination is, therefore, 0’".49 « 7/2 = 0/’.69. 

If all the declinations had been taken from the same authority, 
the probable error thus found would have determined the weight 
of that authority, and could afterwards be used in assigning 
weights to different observations. For this purpose, the proba- 
ble errors of the different authorities have been determined from 
the numerous observations of the Coast Survey by discussions 
essentially the same as the above (of course, confining each dis- 
cussion to stars taken from the same source), with the following 
results: ¢, denoting the probable error of a single declination, 


Authority. || £5? 

LOOMDLIC RO ALON Cc apse ca stot easy erase ea eovaaenset 5 2.25 
B.A.C. on authority of Bradley, Piazzi, and 

PAVLOW cs. ca-nceseresedeave sous tes odragacsmnesseee wave ners dice 1.00 

The same with additional modern authority.....| 0 .85 | 0.72 
Twelve Year (Gr.) Catalogue, with less than six 

ODSOPV ATOM cxgiccncasssneesesons aon soseeneneree swear sn 0 6 0.36 
Nautical Almanac, or Twelve Year Catalogue, 

| with six or more Observations...........ccececeeess Ono O225 | 


234. Combination of the observations by weights.—Let ¢ and ey 
denote the probable errors of the declinations of the stars of a 
pair on which there are n observations; then the probable error 
of 4(0 + 0’) is 

Ey = 47/62 + 65%) 
and that of the latitude is 
2 
Es — Nee = . 


The weight p of an observation is reciprocally proportional to 
E;’; or, since the scale of weights is arbitrary, we may take 


ra ta (243) 
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Adopting the Coast Survey value e = 0.50, we have, therefore, 


———, (244) 
eg eg? [a 

By this formula, the weight unity would be assigned. to a value 
of the latitude found by a single observation of a pair of stars when 
the declinations were perfectly exact, or to a value found by 
two observations on a pair of Nautical Almanac stars. 

The stars observed at Roslyn were really taken from various 
authorities, although, for the sake of illustration, we have dis- 
cussed the probable error of their declinations as we should have 
done if but a single authority had been used. Let us now find 
the final value of the latitude from all the observations, having 
regard to their weights as determined by this formula. In the 
following table the values of ¢,? are given according to the 
authorities from which their declinations are taken, as stated 
in the table at the end of the preceding article. 


° ‘ (diecseos 
oe ee ea" « P , PO oY oo eae 
1 1.00 0.25 ne 0.44 24”.78 LOS ON OZ G 0.25 
a 0.25 0.25 i 0.67 25 .05 UORSiSn Omg 0.16 
3 0.36 0.86 Oe 0.82 24 .83 20 .SOmin Oli 0.41 
4 0.36 1.00 3 0.59 26 .20 15 .46 | 0 .66 0.26 
5 1.00 1.00 3 0.48 25 .91 TD Ea eA) 3 37/ 0.06 
[6]* | 1.00 1.00 2 [22 .73 
of 1.00 0.25 6 0.70 25 .938 18) 3155) 0-39 0.11 
8 0736 | 1.00 6 0.65 25 .13 16n 237) 0) 36 0.09 
9 0.386 0.386 5 1.09 265 .89 23 2220002385 0.13 
10 0.25 0.25 4 1.33 25 .79 347-50 O25 0.08 
ial 1.00 DOA) 4 0.29 24 .53 i Sila i ail 0.380 
107 0.36 1.00 3 0.59 25 .15 14 .84 |] 0 .389 0.09 
13 1.00 0.25 4 0.67 2 ae T6eeoO RI Ons? 0.07 
14 1.00 0.25 4 0.67 24 84 16.647] 0).70 0.338 
15 1.00 0.25 4 0.67 25° .36 16 .99 0 .18 0.02 
16 1.00 0.36 4 0.62 Qin Oe 16 .18 | O .48 0.14 
17 1.00 1.00 4 0.44 PAsy Bee el Seale Ol 2 0.01 
18 1.00 1.00 4 0.44 26 .08 Py 4S OF 64 0.18 
19 1.00 0.25 4 0.67 PAS ad e's lee 2A) OO) Gils) 0.02 
20 0:25 0.25 4 1.8 25 .70 64: US| 0 2G 0.08 
21 0.25 0.25 3 1.20 25 .93 Ol Ll oaeO 9 0.18 
m == 26 [p] = 14.81 [po] = 365 .47 [pov] = 2.86 
g, — eel = 25.54 
[p] 
B, = 0.67454) Eel _ _ 07.07 
: (m—1)[p] 


* The result by the 6th pair of stars is rejected by Peirce’s Criterion (see Appendix) 


358 ZENITH TELESCOPE. 
Hence, the final result from these observations is 
Lat. of Roslyn = 37° 14’ 25.54 + 0”.07 


235. To determine the value of a division of the level.—tt will 
generally be most convenient to find the value of the divisions 
of the level by the aid of the micrometer. It would seem, 
therefore, most natural to begin by determining the value of the 
micrometer screw; but it will be seen in the next article that in 
the investigation of the screw we must know the value of a 
division of the level in parts of a revolution of the screw. This 
value, then, we are here to find, and afterwards, when the micro- 
meter value has been determined, we can convert it into arc. 

Let the telescope be directed towards a well-defined terrestrial 
mark, or, which is better, to the cross-thread of a collimating 
telescope. Let the level be set to an extreme reading L. Bisect 
the mark by the micrometer, and let the reading be M. Now 
move the telescope and level together [by the tangent screw /, 
Plate XIII.] until the bubble gives a reading L’ near the other 
extreme. Bisect the mark again by the micrometer, and let the 
reading be M’. Then the value d of a division of the level in 
terms of the micrometer will be 


_M~mM 


(fe 
LT’ —L 


(245) 
and if # is the value (in seconds of arc) of a revolution of the 
micrometer, we shall afterwards find the value D of a division 
of the level in seconds of are, by the formula 


Dns (246) 


Instead of a terrestrial mark we may use a circumpolar star 
at its culmination ; for we can apply to each observation the re- 
duction to the meridian (237), so that each will be referred to 
the fixed point in which the star culminates. In this method, 
however, we are exposed to errors arising from transient irregu. 
larities in the refraction, and also to any error arising from in. 
clination of the micrometer thread. The latter error, however, 
may be avoided by revolving the instrument in azimuth, so as 
to observe the star always in the middle of the field, and then 


we should use the reduction to the meridian for circummeridian 
altitudes (238). 
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ExampLe.—The following are some of the observations for 
determining the value of a division of the level of a zenith tele- 
scope, taken by Mr. G. W. Duan, of the U.S. Coast Survey, at 
the Roslyn Station, Virginia, June 30, 1852, the telescope being 
directed upon a fixed terrestrial point. 


Readings of | Difference. | 
nS oe eee | | 
Temp. eee Level. d | » v2 | 
WG se, | ee Micr.| Level. | 
N. iS) 

div. diy. div. ta 

90° 1 1941 | 54.0 | 11.4 
2106 | 11.2 | 53.9 | 165 | 42.65 | 3.869 | 0.176 | .0310 

2 2111 | 56.1 8.2 
2296) 10.5 | 54.0 | 185 | 45.70 | 4.048 .003 | .0000 

3 | 2305 | 55.5 | 8.8 
2506] 5.2 | 59.0 | 201 | 50.25 | 4.000} .045 | .0020 

4 2517 |! 55.0 9.1 
2704| 8.8 | 55.2 | 187 | 46.15 | 4.052 .007 | .0000 

5 | 2709} 59.0 | 4.8 
2915! 9.0 | 54.7 | 206 | 49.95 | 4.124] .079 | .0062 

6 | 2919|56.0 | 7.8 
SIT eo 54 1964 46670) 4.197 .152 | .02381 

7 | 1176) 58.2 | 25.8 
1390| 5.5 | 58.5 | 214 | 52.70 | 4.061 |): .016] .0008 

8 1396 | 59.6 5.0 
Gi) 2h GOL |) al Wy Se 1) ARO .034 | .0012 


Mean d = 4.045 Sum = .0638 


The column of v gives the difference between each observed 
value of d and the mean. From the sum of the squares of v we 
find the probable error of the mean to be 


= 0.6745 4/°°°= — 0.028 
8x7 


The value of dis here expressed in divisions of the micrometer 
thread which represent hundredths of a revolution. Hence we 
have, in parts of a revolution R of the micrometer, the value of 
a division of the level, 

D = 0.04045 R + 0.00023 R 
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From twenty-one observations of the same kind, the value found 


was 
D = 0.08985 R + 0.00013 R 


236. To find the value of a revolution of the micrometer.—The most 
convenient method with this instrument, as it avoids displacing 
the micrometer, is by transits of a circumpolar star near its 
eastern or western elongation (Art. 45). We first find the hour 
angle and zenith distance of the star at the elongation by the 
formulee 

cost, = cot 0 tan g Cos Z, = cosec Oo sin g 


and then, « being the star’s right ascension, a7’ the correction 
of the chronometer, we find the chronometer time of the elonga- 
tion by 
western elong, 
T=axt us — AT hes st 
; —eastern “ 


Set the telescope for the zenith distance z,, direct it upon the 
star some 20” or 30” before the time of elongation, bringing the 
star near the middle vertical thread, and clamp the instrument. 
Set the micrometer thread at any reading a little in advance of 
the star, and note the transit by the chronometer. Then advance 
the thread to a new reading, and again observe the transit, and 
so on until the star has been observed through the whole field 
or through the whole range of the micrometer screw. The 
repeated manipulation of the serew may slightly disturb the 
direction of the telescope, but the only change which can affect 
the determination of R will be shown by the level, which, there- 
fore, must also be frequently observed during the transits. Of 
course, the relation of the level to the telescope must not be 
changed during the observations. Now, z, denoting as above 
the zenith distance of the star at the time J, and M, the corre- 
sponding reading of the micrometer when the level reading is 
zero, z the zenith distance at the time J’ of an observed transit 
when the micrometer reading is Mand the level reading is Z, 
we have (neglecting for the present the refraction) 


2=2,+(M,— M)Rk — LD 


or, since we as yet know the value of a level division only in 
parts of R, 
z=2,+(M,— M)R—L Ra 
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In like manner, for another observation, 


2’=2,+ (M,— M’) Rk — L' Rd 
whence 


i ay id hogs: 
The quantity z — z, may be computed (as we have shown in 
Art. 45) by the formula 


sin (2 ==2,) = + sin(T — T,) cosé 
where the lower sign is to be used for the eastern elongation; or 


cos 6 


2— 24> 2 sin (7:— T,) (248) 


sin 1” 

The value of & thus found is corrected for refraction by sub- 
tracting from it the quantity Rar, in which ar = the change of 
refraction at the zenith distance % for 1/ of zenith distance, and 
FR is expressed in minutes.* 


ExampLe.—Observations of Polaris at its eastern elongation 
were taken June 30, 1852, at the Roslyn Station (Va.) of the 
U.S. Coast Survey, to determine the value of the micrometer of 
the same zenith telescope as was used in the example of the 
preceding articles. 

To prepare for the observation, we have 


g = 87° 14 25" 


6 = 837530 56" Ga OLS 

Hence, z, = 52° 44’ 42’ SS Gite valle! 
Sid. time of elongation = 19 10 7.7 
Chronometer fast, 24 46.8 


T,=19 34 54.5 


The micrometer thread was set at every half revolution, and 


* The yalues of both R and D might be found at the same time from these obser- 
vations. For by varying the level reading at the different observations (by means 
of the tangent screw /’), we shall have from the observations, taken suitably in pairs, 
equations of condition of the form 


2—7= (i — M)R 4 (L'—L)\D 


from which both R and D may be found. In this method z — z’ must be the appa- 
rent difference o* zenith distance affected by the differential refraction. 
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59 transits were observed. I extract only those taken on the 
even whole revolutions, to illustrate the method. 


Level. 
Temp. Rote are L TF T— T, zZ—% 
i N. S. 
R. div. div. div. 
ede if 6 |42. 2/44. 8\— 1. 30/19* 11”389+.0|— 23” 15°.5|+ 541.33 
2 8 ee at ae 15 14.2) 19 40.3) 458.10 
3 10 i ct oe 18 46.3) 16° 7 27| “37ore%s 
4 12 a a Ws Hale as IA all oll) PARIL 7A 
5 14 |42.5/44.2/—0.85 25 58.8 } Gbyati|  7Allss 117 
6 16 6 oe ds 29 29.4 Sy 4a alll) IPAS SW, 
pw aval cg 1 8 « 33. 4 di 250. dee 
8 20 |42.6/44.2;— 0.80 36 86.4/+ 1 41.9\— 39 .61 
9 22 a ss OG 40 11.6 Sy All, ales ZAC 
10 24 |42 .7/44.2)—0.75 43 43.8 8 48.8] 205 .438 
11 26 ee ef a AT 1.0) 12 82085) 28 (OZ 
12 28 |41.9/45.1/— 1.60 0074627) Lo 52e2 i SOUR TZ 
13 30 “G se se 54 19.3). 19 24.8)" 452, 08 
76 14 32 ce a a 57 52.8] 22 58.3) 5384 70 


We compare the Ist observation with the 8th, the 2d with the 
9th, &c., and in each case we have M’— M = 14 Reyv., or, taking 
d = 0.04, as found on p. 359, we have for the 1st and 8th ob- 
servation (L’ — L)d= + 0.020 revolutions of the micrometer; apa 
hence, denoting the divisor in (247) by a, we obtain 


a=W M+ — Lyd 14020 


Proceeding thus for each pair of transits, we have— 


a 


14.020 
14.020 
14.022 
14.022 
13.970 
13 | 13.970 
14 | 13.970 


Prob. error = — 
3 


ate, 


580!.94 
30 
.16 
33 
84 
38 
AT 


581 
581 
579 
577 
578 
577 


t 


Mean = 41 .394 


R v v 
41’.436 + 0.042 | 0.0018 
462 + 0 .068 .0046 
446 + 0 .052 .0027 
316 — 0 .078 .0060 
.3638 == (0) 0B .0010 
402 + 0 .008 0001 
336 — 0 .058 00384 
Sum = .0196 
a mt = 0.014 


Ox T 
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The change of refraction for 1’ of zenith distance is, for z,= 
52° 45/, ar = 0/’.046, and hence the correction of the above mean 
: 1.4 : 
is — 0/’.046 x aS = — 0/’.032. These observations, therefore, 


give us the result 
R= 41” .362 + 0”.014 


The final value, as found from all the observations on several 


nights, was 
Rk = 41".400 + 0”.011 


and from this we find the value of a division of the level of this 


instrument to be 
D = 1" 65 + 0.005 


which are the values employed above in reducing the observations 
for latitude at Roslyn. 


237. A more thorough method of treating the preceding obser- 
vations is the following. We have for each observed transit 


z2—2=(4,— UM) k-—LRd 


where J, is the unknown reading corresponding ta z,. Let us 
assume an approximate value for JZ,, denoting it by JZ, and put 
M,=M,+ «x. Also let &, be an assumed approximate value of 
iand put hf, -+ ya Then 


z2—2,=(M,—M4+ 2) (#k,+y)— LDRd 


where, on account of the small values of Z, we can use #, instead 
of R in the last term. Then, neglecting the product xy as insen- 
sible when M, and R, are properly assumed, and putting 


n=2—2,—(M,— M)F,4+ LRd (249) 
we have from each observation the equation of condition 
Rix + (M,— M)y=n (250) 


and from all these equations z and y can be found by the method 


of least squares. 
Thus, in the above example, if we assume M,—19.0, R,= 41/’.4, 
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which are easily seen from the observations to be near approxi- 
mations, we have the following equations: 


41.447 4+ 1By = + 07.98 4l.4¢— y=-+ 0" 47 
4142+ 1lly=+0 .55 4142 — 8y=—0 .B2 
414% + 9y=+0 .98 414r— 5y=4 0 28 
4142+ Ty=—0 .24 4142%— Ty—+0 .94 
4l4r4+ 5y = — 0 .29 414% — 9y=+4+ 0 .28 
4l4e+ 8y=-+0 .69 414” —lly=+0 67 
4144+ you —Q0 .04 414% —13y=+4 0 .85 


from which we form the normal equations 


23995.44 « — + 240.12 
whence 
a= + 0.01 y = — 0.002 
19.01 esos 


If we substitute the values of x and y in the equations of 
condition, we shall find the sum of the squares of the residuals 
to be = 2.956, and hence the mean error of a single observation is 


2.9% 
=, ae == 0 496 
14 — 2 


and consequently the probable error of y, the weight of which 
is its coefficient (= 910) in the final equation, will be 


2 07.496 


ae} = 0.011 
3 7/910 


Applying to the above value of & the correction for refraction 
as before, we have the final result by this method, 


dt == 41" 366 3207/0114 


The smaller probable error here found shows that the observa- 
tions are better satisfied by the value of R found by the method 
of least squares. 


EXTRA-MERIDIAN OBSERVATIONS FOR LATITUDE WITH THE ZENITH 
TELESCOPE. 


238. It has been seen above that, although the probable error 
of observation with the zenith telescope is very small, the greater 
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probable error of the declinations employed, when the observa- 
tions are restricted to the meridian, renders it necessary to greatly 
multiply the number of pairs of stars observed. But if we are 
willing to observe one of the stars at some distance from the 
meridian, we can generally find a pair of fundamental stars, or 
stars from the most reliable catalogues, which can be observed 
at the same zenith distance within a sufficiently brief interval of 
time to exclude the probability of sensible changes in the state 
of the instrument; and by moderate attention to the determina- 
tion of the time the probable error of observation will be very 
little increased, while the number of observations necessary to 
attain to the desired degree of precision will be greatly reduced. 
It may not be superfluous, therefore, to deduce here the necessary 
formule for this purpose. 

Let ¢ and 0’ be the declinations of two stars, the first of which 
is observed out of the meridian at the zenith distance z and hour 
angle ¢, and the second on the meridian at the zenith distance 2’, 
which is very nearly equal to z. We have 


cos 2 = cos (g — 60) — 2c08s ¢ cos 6 sin? 3t 
Z=g¢ —d! 


The second equation gives 
z=eg—o4+2-—-2 


which, substituted in the first equation, gives 


sin [gy —3 (6+ 0’) — 3 (2 —z)] sin } (0—0’4 z—2’) = cos g cos O sin’? 3 
Putting then 

cos ¢ cos 6 sin? $t 
sin 3 (6 —0’+ z—2’) 


P= FOO) ale — 2) +7 (252) 


The quantity 2’ — z will be given by the micrometer and level, 
precisely as in the case of meridian observations. The value of 
g will always be known with sufficient accuracy for the compu- 
tation of 7. 

The effect of an error in / upon 7, and consequently upon g, 
may be computed by the formula 


sin 


(251) 


we shall have 


tan 7 


Ay ad) 


sin +t 
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To prepare for the observation, put €=¢,—0’, (or 0’— ¢,), 
gy, being an assumed approximate value of g, and set the instru- 
ment at the zenith distance ¢ for the observation of both stars. 
The hour angle at which the star out of the meridian is to be 
observed will be found by the formula 


| (sin 36 + 9, —9) sin 6 —¢, + 9) 
sin 4.0 == \ - 
cos ¢ cos 6 
or rather, 
sin [3(0’ + 6) — sin 3 (0’ — 6 
sin 3t = 4/( [2(0’ + 9) — ¢,] sin 4 ( ’) 


COS ¢ COS 0 


Then the sidereal time of the observation of this star may be 
either a + ¢ or a — t, a being the right ascension; and it may 
often be convenient to observe the star at each of these times. 

It will probably be most expedient to observe one of the stars 
in the meridian ; but, if both are observed out of the meridian, 
we can find the latitude by the method of Vol. I. Art. 186. 


239. The zenith telescope may be used with advantage in 
measuring any small difference of zenith distance. Its application 
in finding the longitude from equal zenith distances of the moon’s 
limb and a neighboring star is given in Vol. I. Art. 245. The 
correction of the method there given for a small difference of 
the zenith distances of the moon and star, as found by the 
micrometer, is obvious. 


240. We may determine both time and latitude with the zenith 
telescope, by observing a number of stars at the same altitude, 
and ¢combining them by the method of least squares. See Vol. 
I. Art. 189. 


ADAPTATION OF THE PORTABLE TRANSIT INSTRUMENT AS A ZENITH 
TELESCOPE. 

241. Prof. C. 8. Lyman, of Yale College, has shown* that the 
transit instrument may be successfully used as a substitute for 
the zenith telescope in the application of Tancorr’s method of 
finding the latitude by meridian observations. Indeed, it is 
evident that, if the level usually attached to the finding circle is 
made of the same delicacy as that applied to zenith telescopes, and 
a micrometer is added to the telescope, that method may be carried 
out precisely in the same manner as with the zenith telescope. 


* Am. Journal of Science and Arts, Vol. XXX. p. 52. 
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The different method of reversing the instrument by lifting it 
from its Vs instead of revolving directly about a vertical axis, 
does not in any way affect the principle, the essential condition 
of Tatcorr’s method being always observed, namely, that the 
relation of the level and the telescope is to be absolutely the 
same at the observations of both stars of the pair. 


CHAPTER IX. 
THE EQUATORIAL TELESCOPE. 


242. THE equatorial telescope is mounted with two axes of 
motion at right angles to each other, one of which is parallel to 
the axis of the earth. Of the various modes which have been 
employed for mounting the instrument according to these con- 
ditions, that which is now universally adopted is the one con- 
trived by Fraunuorer and known by his name. 

Plate XIV.* is a representation of the great FRAUNHOFER 
equatorial of the Pulkowa Observatory, constructed by Murz 
and Mauer. The lens has a clear aperture of 15 inches, with 
a focal length of 22.55 feet. The pier P is of stone (in smaller 
instruments a wooden stand is frequently used, resting on three 
feet). The upper face of the pier makes an angle with the hori- 
zon equal to the latitude of the place; secured to this face is a 
metallic bed, which supports at two points the polar or hour axis 
HT of the instrument. This axis, being in the plane of the 
meridian, and making an angle with the horizon equal to the 
latitude of the place, is parallel to the earth’s axis, and, conse- 
sequently, is directed towards the poles of the heavens. Perma- 
nently attached to the hour axis, and at right angles to it, is a 
metallic tube, DD, in which the declination axis revolves. The 
telescope is firmly attached to one extremity of this declination 
axis, and at right angles to it, the point of the tube at which it is 
attached being somewhat nearer to the eye end than to the 
object end. 


* Reduced from the drawing in the Description de lobservatoire central of StTRUVE. 
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It is evident that as the instrument revolves upon the hour 
axis the declination axis remains in the plane of the celestial 
equator, and, consequently, the telescope, as it revolves upon 
the declination axis, always describes secondaries to the celestial 
equator, or declination circles. The declination of the point of 
the heavens towards which the telescope is at any time directed 
may, therefore, be indicated by the graduated declination circle 00, 
which is read by two opposite verniers. The hour angle of this 
point is at the same time shown by the graduated hour circle 1, 
which is also read by two opposite verniers. 

The great advantage of this mode of mounting the telescope 
is that we can follow a star in its diurnal motion by revolving 
the instrument upon the hour axis alone, the declination circle 
being clamped at the reading corresponding to the star’s declina- 
tion. Further, the star’s motion being uniform, we can cause 
the instrument to follow it automatically by means of a clock f, 
which, by a train, turns an endless screw acting upon the circum- 
ference of the hour circle. The observer is thus left free either 
to make a careful examination of the physical appearance of the 
objects in the field, or to measure their relative positions with 
the micrometer m of the telescope. 

It is important that all the parts of the instrument be so coun- 
terpoised that the telescope will be in equilibrium in all positions, 
and possess the greatest freedom of movement upon either axis. 
This is effected in the FraunHorER arrangement in the most 
perfect manner. The equilibrium of the telescope with respect 
to the hour axis is produced by the counterpoises W, W, ZX, and 
Y, of which W, W are fixed cylindrical masses, but Y is adjust- 
able, so that the equilibrium may be finally regulated with the 
utmost nicety. The weights XY (of which there are two, one on 
each side of the declination axis) are attached to the extremities 
of levers whose fulcrums are at x. The opposite extremities of 
the levers seize upon a circular collar at A, in which there are 
four friction rollers. The weights Y thus not only contribute to 
the equilibrium, but also reduce the friction of the declination 
axis. The centre of gravity of the telescope tube is not in the 
prolongation of the declination axis, but nearer to the object 
glass; its equilibrium with respect to the declination axis is 
produced by counterpoises a (one on each side of the tube) at the 
end of levers abe. Hach of these levers consists of two conical 
tubes attached to a cube at b, which moves upon two axes; and 
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their extremities ¢ seize upon a collar around the tube. The 
extremity a, at which the weight is placed, is free, and the weight 
can be adjusted by sliding upon the lever. In consequence of 
the double axis of each lever at b, the counterpoises act in all 
positions of the telescope, and not only balance the tube, but pre- 
vent in a degree the flexure of the object end which would result 
from its weight, increased as it is by the great weight of the 
object glass itself. The centre of gravity of the telescope and 
all its counterpoises is now in the hour axis at a point a little 
above its upper journal; the result is a downward pressure upon 
this journal, and an upward pressure upon the lower journal. 
The weight w at one extremity of a bent lever reduces the fric- 
tion upon the upper journal by producing an opposite pressure 
at e at right angles to the axis, two friction rollers upon the 
extremity ¢ being thus pressed against the axis. The remaining 
small upward pressure of the inferior extremity of the axis is 
reduced by a spring which presses two friction rollers against the 
axis at g. 

The weight of the Pulkowa telescope (including all the parts 
which move, namely, the axes and tube with its counterpoises) 
is very nearly 7000 pounds; and yet, with this admirable system 
of counterpoises, it moves upon either axis with almost as much 
ease as a small portable instrument. Without this perfect equi- 
librium and reduced friction, it would have been very difficult to 
produce a regular automatic movement of the instrument by the 
driving clock. As this clock is required to produce a continuous 
regular movement, it is not regulated by an oscillating pendulum, 
but by the friction of centrifugal balls against the interior of a 
conical box d. The rate of movement is regulated by raising or 
depressing the pivot of this conical pendulum, which, in conse- 
quence of the conical form of the box, changes the degree of 
friction of the balls against its interior surface. The rate may 
thus be adapted not only to the motion of a fixed star, but to that 
of the moon, or sun, or any planet, all of which have different 
rates of motion. - In our own country, Bonp’s Spring Governor 
has been successfully applied to produce the equable motion of 
equatorial telescopes. 

A finder F is attached to the principal telescope (Art. 16). 

The field of the telescope is illuminated by a lamp gq, the light 
of which is reflected towards the reticule by a small mirror 


within the tube. The direct illumination of the threads, which 
Vou. I1.—24 
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is required when very faint objects are to be observed, is effected 
by two small lamps suspended at nandn. (See Transit Instru- 
ment, p. 134). 

The micrometer is provided with a position circle (Art. 49). 


243. Any point of the heavens may be observed with the 
equatorial instrument in two different positions of its declina- 
tion axis. For example, if the declination axis is at right angles 
torthe plane of the meridian,—that is, horizontal,—the telescope 
will describe the plane of the meridian; and this, whether the 
circle end of the declination axis is east or west; and, in general, 
the same declination circle of the heavens may be described by the 
telescope with this circle end of the axis on either side. These 
two positions are to be distinguished in the use of the instrument. 
Let us suppose the declination axis to be produced through the 
circle end to the celestial sphere. The point in which it meets 
the sphere may be called the pole of the declination circle. If 
the hour angle of this pole is 90° greater than the hour angle of 
a star observed in the telescope, the circle is said to precede the 
telescope; if the hour angle of this pole is 90° less than that of 
the star, the circle is said to follow the telescope. Thus, for a 
star on the meridian (at its upper culmination) the circle precedes 
when it is west and follows when it is east of the meridian. 


GENERAL THEORY OF THE EQUATORIAL INSTRUMENT. 


244, Let us first consider the instrument in the most general 
manner, that is, without supposing its hour axis to be even 
approximately adjusted to the pole of the heavens. That point 
of the celestial sphere towards which the hour axis is actually 
directed will be called the pole of the instrument, or the pole of its 
hour axis, and that point in which the declination axis produced 
on the side of the declination circle meets the sphere will be 
called the pole of this axis or circle. 

The instrument is designed to give, by means of its two circles, 
the hour angle and declination of a star observed in the sight 
line of the telescope. If the sight line were perpendicular 
to the declination axis, and if this axis were perpendicular to 
the hour axis, the readings of the circles would give at once (by 
merely correcting them for any index error) the hour angle and 
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declination referred to the meridian and pole of the instrument. The 
deviations from perpendicularity being always very small in a 
well constructed instrument, approximate formule will fully 
suffice to reduce given readings to the proper values referred to 
the pole of the instrument. But an equatorial instrument may 
sometimes be used in a place for which it was not intended, and, 
having no adjustment by which the angle which its hour axis 
makes with the horizon can be greatly changed, the pole of the 
instrument may be so far from the celestial pole that the reduc- 
tion of the hour angles and declinations from their instrumental 
to their true values (referred to the celestial pole) will require the 
use of rigorous formule. In order to provide for such a case, I 
shall first consider the method of deducing the instrumental 
quantities by approximate but sufficiently exact formule; then 
give the rigorous formule for reducing these to the celestial 
pole, and finally give the approximate formule, most frequently 
required, for the case in which the deviation of the hour axis 
from the celestial pole is very small. As some flexure of the 
declination axis and of.the telescope is always to be expected in 
an instrument of this kind, I shall include its effect in the 
formule. 


245. To find the instrumental declination and hour angle of an 
observed point.—Let the figure be a projection 
of the celestial sphere upon the plane of the 


equator of the instrument; P’ its pole; Z the 


Fig. 52. 


zenith of the observer: then P’Z may be 
called the meridian of the instrument. 

Let Q be the pole of the declination axis of ZX 
the instrument. While the instrument re- ae 
volves upon the hour axis, the point Q will 
describe a circle of which P’ is the pole, and which would be a 
great circle if the axes were at right angles to each other, in 
which case we should have P’Q = 90°. But we shall assume 
that there is a deviation from this condition, and suppose the 
are P’Q to be = 90° — 7: so that 7 will express the declination 
of the point Q referred to the equator of the instrument. 

Let us next suppose the declination axis to remain fixed while 
the telescope revolves upon this axis and its sight line is brought 
upon a star S. As the telescope revolves, the sight line (which 
we may here suppose to be determined by a simple cross thread), 
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describes a circle in the heavens of which Q is the pole, ana 
which will be a great circle if this sight line is perpendicular to 
the declination axis, and a small circle, ASB, in any other case. 
Let us suppose the polar distance of this small circle, or QS, to 
be 90° — e: so that c will denote the collimation constant of a 
given thread. 

The revolution of the instrument upon the hour axis is measured 
by the hour circle. When Q is 90° west of the meridian, the 
telescope should be in the meridian, and the reading of the hour 
circle, consequently, zero; but let us suppose the reading is then 
— x. When Q is in the meridian and above the pole, the reading 
will be —x— 90°. If, then, for the actual position when the 
star is observed at S the reading is t, we have the angle ZP’Q 
=t+2#4+ 90°. 

Let the instrumental hour angle ZP’S =’. Then we have 
the angle SP!Q == 2F") —ZP’S=¢--s— 90°; and sinee, 
from the construction of the instrument, this angle differs very 
little from 90°, the quantity ¢ + x — ?’ will be very small. 

As the telescope revolves upon the declination axis and its 
sight line describes the circle ASB, the reading of the declina- 
tion cirele will vary directly with the angle P’QS, since Q is the 
pole of this circle. If we denote the reading of the declination 
circle when the are QS coincides with QP’ by 90° — ad, and the 
actual reading for the star at S by d, we shall have the angle 
P’'QS = 90° — ad — d, provided the readings increase with the 
star’s declination, as we here suppose. 

Finally, let the instrumental declination be d’; that is, let 
= 00 2a 

We have then in the triangle QP’S the given parts 


P'Q —90° —1 QS = 90° —e 
P'QS — 90° — (d + ad) 


and in order to determine ?’ and d’ we are to find 


SP'O = 90° 1 ee) 
P'S = 90° -- 


From this triangle we obtain the general equations 


sin d’— sin 7 sin ¢ + cos 7 cos ¢ sin (d + Ad) 
cos d’ sin (¢’ — ¢ — x) = cos7 sin ¢ — sin 7 cos ¢c sin(d 4+ ad) 
cos d’ cos (t’— t — 2) = cos c cos (d + Ad) 
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But, as 7 and ¢ are supposed to be so small that their squares and 
products are insensible, these equations give 


sin d’= sin (d + ad) 
cos d' = cos (d + ad) 
(t’ —t — x) cos d’ = c¢ —isin(d + ad) 
whence 
Oh! == al “ Ad 
t’ =t+2x£-+ sec d’—i tand’ ' eo) 


246. Flexure.—The flexure of the hour axis may be supposed 
to be altogether insensible, since the centre of gravity of the 
whole instrument falls very near to the upper journal of this axis, 
and the pressure at this point is relieved by a counterpoise. 

The flexure of the declination axis, being assumed to result 
solely from the weight, changes the zenith distance of the point 
Y. Denoting the zenith distance of Q by ¢ and the increased 
zenith distance by ¢ + d¢, we shall assume the flexure to be 
proportional to sin ¢ (Art. 204), and, therefore, put 


d€—=ec«sin€e 


in which ¢ is the maximum of flexure of the declination axis 
corresponding to € = 90°. 

The flexure of the telescope changes the zenith distance ZS, 
so that, putting ZS = ¢’, we can express this flexure by 


Oe = Orin (6 


in which e is the maximum of flexure of the tube corresponding 
force 0. % 

The flexure of the declination axis changes the are P’Q@ = 90° 
— i, and the angle ZP’Q =t+2x-+ 90°; but these changes (the 
flexure being supposed extremely small) evidently produce no 
sensible effect upon the declination d’. The flexure of the tele- 
scope, however, changes the are P’S = 90° — d’, and thus also 
d’. Treating the changes as differentials, we have 


OP'S == 0d 00" a) = 65608. P' SZ 


If we denote the zenith distance of P’ by 90° — g, (or let ¢, be 
the observer’s latitude referred to the equator of the instrument), 
the triangle P’SZ gives 


sin ¢, cos d’ — cos ¢. sin ad’ cos t’ 
cos P’SZ = 1 71 ae 


sin ¢’ 
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and hence 
dd’ = —e (sin ¢, cos d’ — cos ¢, sin d’ cos t’) (m) 
Again, we have 
d. P'Q = d (90° — i) = dé cos P'QZ 
sin P’QZ 
@ sin P’Q 


in which we may put sin P’/Q=cosi=1. Substituting also 


the values 
sin g, — sini cos¢ 


id mae 
OA cos 7 sin € 
Ain POF = cos (¢ ai XL) COS g, 
sin ¢ 


and neglecting the product of d¢ and 7 as insensible, we find 


di = — esin ¢ 

Gla. +6 60d in cos (¢ + 2x) } 
Finally, the flexure of the telescope changes the arc QS = 90° 
— ¢, and we have 


d. QS = d (90° — c) = dg’. cos ZSQ 
in which 
cos € — sin c cos ¢’ 
cos ¢ sin ¢’ 


cos ZSQ = 


Neglecting terms of the second order, therefore, 


} dee Cosas 
in which we have 


cos € = sin 7 sin g, — cos 7 cos g, sin (¢ + 2) 


and in this we may put 7’ fori+ 2. Hence, again neglecting 
terms of the second order, 


dc = é€ Cos g, sint’ (p) 
By the formule for ¢’ (253), we have 
dt' = dt + dc sec d’ — di tan d’ 
and hence, by (n) and (p), 


dt’ — e(sin ¢, tan d’ + cos g, cost’) + e cos g, sec d’sint’ (q) 
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Hence, applying the corrections (m) and (q) to d’ and ¢’ (253), the 
complete formule, including the effect of flexure, are* 


tv =t4+ x + ¢ see d’ —i tan d' 


d’—d-+ ad —e (sin g, cos d’ — cos g, sin d’ cost’) 
(254) 
+<¢(sing, tand’+ cos ¢g, cost’) + e cos g, sec d’ sin t’ 


247. To reduce the instrumental declination and hour angle (d’, t’) 
to the celestial declination and hour angle (6, t).—Let PZ 


Fig. 53. 
be the true meridian, P the celestial pole, P’ the pole car 
of the instrument, S the observed star. Let 7 and 
0 denote the polar distance and hour angle of P’; PY 
that is, let 

y= PP’ $= ZPP' 5 
and, producing PP’, let x 
i = ZP'N = 180° — ZP'P a) 


The instrument gives, by the aid of (254), the values of 
d' = 90° — P’S, t= ZP’S, and we are to find d= 90°— PS 
and <==-ZPS. The -triangle PP’S, in which PP’S = 180° 
poe aoeU ANU tO, £IVes 


cos 6 cos (r — 8) = sin y sin d’ + cos 7 cos d’ cos (t’ — #) 


sin 6 = cos; sin d’ — sin 7 cos d’ cos (t’ — #) 
(255) 
cos 6 sin (tr — 8) = cos d’sin (t’ — #’) 


which will determine 6 and zc from d’ and ¢’ when the instrumental 
constants 7, 3, and # are known. 

Putting 90° — 9 =' PZ, the relation between g,, &, g, 3, and 7 
is found from the triangle PP’Z, which gives 


sin ¢,= COS 7 sin g + sin 7 cos ¢ cos & 
cos g, cos # = — sin; sin g + COS 7 COS ¢ Cos 3 (256) 
cos g, sin # = cos ¢ sin # 


248. In the preceding discussion I have not distinguished 
_ between the case in which the declination circle precedes and 
that in which it follows the telescope (Art. 243). The formule, 
nevertheless, will apply to either case, provided we reckon decli- 
nations over 90° when they require it. By Fig. 52, in which 
for a star at S the declination circle precedes, we see that when 


* These formule are essentially the same as Brsset’s. See his Astron. Unter- 
suchungen, Vol. I. p. 7. 
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the telescope is revolved from S towards B and passes beyond 
the pole, we shall have declinations exceeding 90° if we wish to 
employ the same formule as have been found for this position; 
but for these points beyond the pole the declination circle follows 
the telescope. The declination in that case, reckoned in the 
usual manner, will be 180° —d’, and the hour angle will be 
180° + ¢’. We may, therefore, employ these formule in their 
present form in all cases, but when d’ falls between 90° and 
270° we must finally take 180° — d’ and 180° + ?¢ as the proper 
instrumental declination and hour angle. (See also Transit 
Instrument, Art. 128.) 

If, however, we wish to distinguish the cases in the formule 
themselves, we shall have, when the circle precedes, the readings 
of the circle being d, and 7, 


d'=d,+ ad — e(sin ¢g, cos d’ — cos ¢, sin d’ cost’) 
Ue ty + e¢sec d’—i tan d’ 
++ (sin g, tan d’ + cos ¢, cos t’) + e cos g, sec d’ sin t’ 


and when the circle follows, the readings being d, and ¢,, (257) 


180° — d’= d, + ad + e(sin ¢, cos d' — cos g, sin d’ cost’) 
180° + ¢t’ =¢t, + 4 —csec d’+7 tan d’ 
— (sin g, tand’-+cos ¢, cos t’)-++e cos g, secd’ sint’ 


249. The rigorous formule (255) and (256) will be required 
only in the rare case in which the pole of the instrument is at 
a considerable distance from the celestial pole; but I will briefly 
indicate the methods of determining the instrumental constants 
for this case. It will always be possible to bring the hour axis 
of the instrument very nearly into the meridian of the place of 
vbservation, whatever may be the elevation of its pole above the 
horizon, so that the meridian of the instrument and the true 
meridian will nearly coincide. 

If we observe a fixed point in both positions of the instrument, 
circle preceding and circle following, we shall have by (257), 
taking the sums of the respective equations, 


180° = d+ d,+ 2ad 
180° + 2¢'’=+t,+%t,+ 227+ 2ec¢ in t/ 


the first of which determines the index . (ad) of the 
declination circle, and the second determ lue of t/— x, 
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if we have independently found the flexure e, orif the fixed point 
is in the meridian of the instrument and consequently / = 0. 

Taking the differences of the same equations, the observation 
of the fixed point also gives 


180°—2 d’= d,— d,+ 2e(sin ¢, cos d’— cos ¢, sin d’ cost’) 
180°=t, — t, — 2csecd’+ 27 tan d’—2¢(sin g,tan d’+cos g,cost’) 


The first of these determines d’ when e¢ is otherwise known, and, 
the value of d’ thus found being substituted in the second, we 
have an equation of condition for determining ¢, 7,and «. The 
observation of at least three different points will be necessary in 
order to determine these quantities, or of at least two points if 
we neglect e. 

Upon the supposition that the pole of the instrument is very 
near the meridian, but at a considerable distance from the celestial 
pole, 7 is a large are, but 3 is small, and we have from the first 
of the equations (256), by putting cos d = + 1, 


C= 2 Tey 
and the value of 7 may be found from the observation of a star 


in the meridian and as far from the pole of the instrument as 
possible, since in this case we shall have very nearly 


ey = 0 — 0 


in which d’ will be known from two observations of the star in 
the two positions of the instrument. 
When 7 has been thus approximately found, let a star be 
observed on the six hour circle both west and east of the meridian. 
We deduce from (255) 


sin d’ = sin 6 cos y + cos 6 sin 7 Cos (tr — #) 


Denoting the instrumental declination for the two observations 
by d,/ and d,’, and putting t = 90° for the first observation, and 
zt = 270° for the second, we have 


Lee) ; , : 
sin d,’= sin 0 cos y + cos 6 sin y sin 
sin d,’/— sin 0 cos y — cos 0 sin; sin # 

whence 

‘ sin d’ — sind, 
sin J == ——__1-_ ___? 


2cos 6 sin y 


This will give a sufficient approximation to J, provided the star 
is not very near the pole. 
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A theoretically rigorous determination of both y and # would 
be found by observing two points whose declinations (0,, 0,) and 
hour angles (c,, t,) are known, and then solving the equations 


sin d,’ = sin 6, cos 7 + Cos 6, sin 7 Cos (7, — #) 
sin d,/ = sin 6, cos 7 + Cos 6, sin 7 Cos (t,— 4%) 


When + and # have been found, we have, from the observation 
of one known point, 


cos d’ cos (t’ — #’) —sin 6 sin 7 -|- cos 6 cos 7 Cos (tr — ¥) 
cos d’ sin (¢’ — #) = cos 6 sin (rt — #) 


which determine ¢/ — &; and, since # will be known from (256), 
t’ will also be known. Finally, the instrument gives the value 
of ¢/— x, as we have shown above, and thus x becomes known. 


250. When the pole of the instrument is very near the celestial pole, 
y is very small, but % may have any value from 0° to 360°. Put- 
ting cos 7 = 1 in (256), and neglecting terms of the same order 
as 7’, we find 
%,=9 +7 cosd 
é— # — —ysin & tan g 

and (255) gives 

6 = d'—; cos(t’ — #’) 

r= t'’+ ¢— # — + sin (t’ — #) sin d’ secd 


or, within terms of the second order, 


6 = d’— ¢ cos (tr — ¥) 
t= t' —y sin # tan g —- y sin (ct — 9) tan db 


Substituting the values of d’ and ¢’ from (254), and putting 
At—= x — 7 sin & tan g, which is constant, we have 


t=t + At — sin (tr — 8) tan 6 + csec 6 — i tand 


6=d- Ad —; cos (t — #) — e (sin g cos 6 — cos g'sin 6 cos 7) 
(258) 
+ ¢ (sin g tan 6 + cos g cos 7) + € cos g sec OsinT 


which are the formule usually required in practice. Here é is 
to be reckoned beyond 90° when necessary, being then the sup- 
plement of the star’s declination (Art. 248), and then rc is the 
star’s hour angle increased by 180°. 

The declination and hour angle are here apparent, that is, 
affected by refraction, &c. If we wish 6 and r to represent the 
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geocentric position of the observed point, we may apply the 
corrections for refraction, &c. to d and 7. 

If we prefer to distinguish the cases in the formule themselves, 
we shall have— 


For circle preceding: 
6=d- Ad — ; cos (rt — 8) —e (sin ¢ cos 6— cos g sin 6 cos T) 
t= t + At —;ysin (rt — 8) tan 6 + csec 6 —itanod 

+ e(sin g tan 6 + cos ¢ cos tT) + e cos g sec 6 sin t 

(259) 
For circle following : 
180°— d=d- ad-+ cos (r—#)- e (sin gcos 6—cos gsin 6 cost) 
180°-+ +t + at —ysin (c—#) tan d—csec d+ itand 
—e(sin g tan 0+ cos ¢g cost) + € cos g sec dsint 


in which 6 andr will always denote the declination and hour 
angle of the star reckoned in the usual manner. 


ADJUSTMENT OF THE EQUATORIAL INSTRUMENT. 


251. The adjustment of the instrument with respect to the pole 
of the heavens consists of two operations: Ist, bringing the hour 
axis into the plane of the meridian, and, 2d, giving this axis an 
elevation, with respect to the horizon, equal to the latitude of the 
place. 

For a rough preliminary adjustment, place the declination axis 
in a horizontal position, and move the stand until the telescope 
points to a star at the computed time of its meridian passage. 
The hour axis is then nearly in the plane of the meridian. 
Then bring the declination axis into the plane of the meridian (by 
revolving the instrument upon the hour axis through 90° by the 
_ hour circle), and direct the telescope upon a circumpolar star on 
the six hour circle. The elevation of the axis should be changed 
so as to make the star appear near the optical axis at the com- 
puted time when the star’s hour angle is equal to 6". 

For the final adjustment, the outstanding deviations of the 
instrument must be found by properly combined observations of 
stars, taken in the two reverse positions of the declination axis, 
by the methods given hereafter. 

The position of the pole of the instrument with respect to the 
pole of the heavens may be expressed by the two quantities 


&E—y cos? n=y sind (267) 


which are the distances of the pole of the instrument from the 
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six hour circle and from the meridian, respectively. According 
to our definitions of 7 and %, a positive value of € will indicate that 
the instrumental pole is above the true pole, and a positive value 
of 7 will indicate that the pole of the instrument is west of the 
meridian. I proceed to consider the methods of finding these 
quantities, as well as the other instrumental constants. 


252. To find €—The most simple method is to observe the 
declinations of known stars at their culmination in both positions 
of the declination axis, and to compare the instrumental values, 
corrected for refraction, with the true declinations found from 
the best catalogues or ephemerides. By the instrumental values 
we shall hereafter understand the values inferred directly from 
the readings (d) of the circle. 

As the two observations in reverse positions of the declination 
axis cannot both be absolutely in the meridian (unless observa- 
tions on different days are combined), one of them is taken a 
few seconds before the meridian passage, and the other a few 
seconds after it. In consequence of the great facility with which 
even the largest equatorial instrument can be reversed, the 
interval between the two observations will be so small that the 
mean of the two values of cos (¢ — ?) will be sensibly the same 
as cos J, t being a very small quantity with opposite signs for 
the two observations. Hence, we shall have for each pair of 
observations on a star, by putting c = 0 in (259), 


d= d,-+ ad — & — esin(¢g — 0) 
180° — d= d,+ ad + &-+ esin(g — 0) 


where d, and d, are the circle readings in the two positions. The 
half sum of these equations gives the index correction of the 


declination circle, 
Ad = 90° — $(d,+ 4d,) 


Their half difference gives 


& + esin(g — 0)= 90° — 1 (d,— d,)— 6 
If we put 
D = 90° — 1(d,— d,) 


D will be the mean of the instrumental values of the declination, 
as inferred from the two readings, whatever may be the mode in 
which the circle is graduated. A number of stars being thus 
observed, we shall have the equations of condition 
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E+ esin(g —éd)=—= D— od 

& + esin (g — 6’) = D'— 6! 

€ + esin(g — 0”)= D"’— 06" 
&e. &e. 


which, treated by the method of least squares, will give both 
Sandee. 


Exampiy.—The declinations of ten stars were observed by 
Orto StruveE with the equatorial telescope of the Pulkowa Obser- 
vatory, 1840, June 22, according to the preceding method, and 
the values of D, corrected for refraction, were as in the following 
table. The values of ¢ for the stars 1, 4,5 and 8 were taken 
from the Nautical Almanac, for 2, 3, and 7 from ARGELANDER’S 
Catalogue, and for 6 and 9 from Atry’s Catalogue for the year 
1840. The latitude employed in computing the coefficient of e 
is gy = 59° 46’.3. ‘The degrees and minutes of 0, omitted to 
save room, are the same as those of D. In order to apply the 
same formula to the stars observed below the pole, we have only 
to employ the supplements of their declinations instead of the 
declinations, that is, to reckon them over the pole. (Art. 128.) 


Stars. Instr. dec. = D. é Equations. v 
1. » Sagittarit |— 21° 5! 55’.5)40”.6/—14’.9 = & + 0.99e) — 5.4 
2.» Serpentis |— 2 56 23 .8) 8 4|—20 4=é&-+ 0.89¢e)/—7 .7 
3. % Serpentis |+ 8 59 47 1/59 .5|—12 4=—&+4 0.88e|/4 2 2 
A. € Aquile 13 387 84 6/48 38/—13 .7—&+0.72e 44 4 
5. a Lyre 38 37 47 1/70 4|— 238 8—&-+0.36e 4-6 2 
6. x Cygni 58 8 55 .5/83 6/—28 1—&+0.12e'4+ 9 0 
7. 6 Draconis 67 21 51 .6)99 .7\—48 1—F&—0.18¢/— 3. 1 
| 8. 0 Urse Min. 86 34 22 .6)81 .2;—58 6=—é& —0.45e|/—3 4 
9. 2 Lyncis, s.p.| 120 55 12 .0|79 .9\—67 9=—&—0.88e +0 .9 
10. € Aurige,s.p.| 124 19 4 6/76 .9|\—72 4=—F&—0.90e}/—3 0 


The solution of these 10 equations gives 


& — — 40”.9 with the probable error = 1”.2 
e= -+ By ah © 8G GG 6 14 = 783 


The last column gives the residuals v after the substitution of 
these values in the 10 equations. From these residuals we find 
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the probable error of a single equation to be 3/’.9, which is com- 
posed of the error of observation and the error in the star’s decli- 
nation. This degree of accuracy in the determination of abso- 
lute declinations, with an equatorial instrument of such dimen- 
sions, is surprising, and is a striking proof of the perfection of its 
workmanship. At the same time we perceive that very crude 
determinations will be obtained if we neglect the flexure. 


253. To find 7.—This will be found by comparing the instru- 
mental hour angles of different stars, near the meridian, with the 
observed clock times of their transits over a given thread. We 
shall, at the same time, find the instrumental constants 7 and ¢, 
and the index correction of the hour circle. 

We shall suppose the thread on which the stars are to be 
observed to be placed in the direction of a circle of declination,— 
that is, as a transit thread,—and to be in the optical axis of the 
telescope. This optical axis may be defined to be the line 
drawn through the optical centre of the objective, and the centre 
of the position circle of the micrometer: consequently, when the 
thread is revolved 180° by this circle, it should still pass through 
the optical axis. As the thread may not be precisely adjusted 
in this respect, the error is to be eliminated by combining two 
observations taken in these two positions of the thread. Two 
such pairs of observations are to be taken on each star, one pair 
with circle preceding, and one with circle following. A second 
star, in a widely different declination, being observed in the same 
manner, we shall have all that is required for the determination 
of our constants. If we observe a greater number of stars, we 
can treat the observations by the method of least squares. 

Supposing two stars to be observed, one near the pole and the 
other near the equator, the observations should be symmetrically 
arranged according to the following schedule, in which the posi- 
tion I denotes circle preceding, and II circle following, and the 
letters a and 6 refer to the two positions of the transit thread for 
the two readings of the position circle differing by 180°. We 
should endeavor to make the mean of the times of the four 
observations on a star coincide very nearly with the instant of 
its meridian passage. 
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Star. Position. Clock. Means. Hour circle. Means. 
eerie). r G). \ 
= 1 == t, 
Ist Star CCL). (ts 
R. A. = ; 
ae ee LL AG CT), Ja p | Gd = t 
oe Gol OCF): tl a) 2 ee 
Mean = “7. Mean =~ 4, 
Mh one Gia \ = i. Uo ru en ay 
2d Star b (CNS) Bee (CO le 7 
R.A. =o! I 
Decl = I. b Cle i ey PB @, ds ie 
— a Ke Lia ch (Coy ee 
Glean ==" 0! Mean 41, 


The observations being very near the meridian, the flexure of 
the telescope (e) has no sensible effect. That term of the flexure 
(c) of the declination axis which is multiplied by tan 0 may 
become sensible for stars near the pole, but, as it will always be 
combined with 7, it will be convenient to put 


i,=i—esin¢g (261) 


The term e¢ cos ¢ cos ¢, which is always less than ¢, will be 
practically unimportant, and will here be neglected. A method 
of determining e will, however, be given hereafter. 

With this notation we find, by putting t= 0 in the second 
member of (259), for the observation at the clock time 7}, 


t,=t,+ at +7 tan 6 + ¢ sec 6 — 7, tan 6 
and if a7’ is the clock correction, we have also 


— Ti+ (SIE — i, 
Hence, by putting 
A—at—aT 
we deduce 
7 tan 0 + ¢ sec 6 —i, tan dé = T,—t,—a—A 


In the same manner the observation at the clock time 7} gives 


7 tan 6 —c sec 6 + itan d= T,—t,—a—Aa 
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and from these two equations, with the notation of the above 


schedule, 
7 tan 6 = T,—t—a—A 


ce sec 6 — 7, tand = 3[((7,—t)—(7,—#,)] 
The second star gives, in the same manner, 


yjtan 0’= TY!’ — t — a’ — 2 
PEO een ee NC? t/)— (TY —t)] 


By combining the two equations in 7, we havé, therefore, the 
following three equations: 


7 (tan 6 — tan 0’) = (7, — T/) — @, — 7) — (a — @#’) 
esecd —i, tand = $ [(¢, —t,) (T, —T\)] (262) 
exec: 7%. tan)’ ==1 [t= 4 Ce 


which determine 7, 7,, and c from the observed clock times and 
the readings of the hour circle. 
We can then find the value of 4 by the formula 


eh a ea) Fp ULI Ti —t, — «' —7 tan 0’ (263) 


and finally, if the clock correction is otherwise known, the index 
correction of the hour circle, by the formula 


At =AT+h (264) 


Examp.e.—-The following observations were taken, according 
to the above method, with the equatorial of the Pulkowa Obser- 
vatory, on June 38, 1840. 


Clock times. Hour circle. 
0 Ursxe Min. I. a. |18* 217 56. ray 234 58m oe es 
Fae gs 2. ath == 19° 22414,2/°°" 20 ale — 23% 58m 598.5 
TIGs eoT 0 2 i 
PAG i coak gig} = 18 28 ae | aie ae 20. 4 tere 
T, =18 2% 31.8 f= 0 1 88.0 
alyre. Aa.| 3440004.) CeO soe ena ee 
y? eS 55 4 | fy = 18 8" Betis 5 teem oe OF 3m 499.6 
ei © BOL EOI ere Se 
cs pays 40 29.0] 45 5 4ya= 0 9 19.4 
Ty —18 87 45.9 i= 0 6 8486 


The places of the stars, according to the Nautical Almanac, 
were— 
6 Urse Min. « = 18 24" 598 6 == 80° 30/2 
a Lyre a == 18 31 340 0'== 88 Pasnl 
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Hence our equations (262) become 


15.977 = + 156 
16.80 ¢ — 16.777, = — 17.2 
(e080 1.75 
whence 
i -- 0°.98 — -+- AW 7 
i, == == (Pe 6 == — lege 


1 


The values of 7, and ¢ are here not separately so well determined 
as they would be if the second star were nearer to the equator. 
Their difference, however, 7,— c = + 1°.02, is accurately deter 
mined by the first star. We next find, by (263), 


ee 


and if the clock correction is a7’= + 20°.0, the index correction 
of the hour circle is, by (264), 


(NP se Sa BOL! 


To give the reader some idea of the stability of a large equa- 
torial properly mounted, I will here give the values of € and y, 
together with the coefficient of flexure of the tube (e), determined 
by the above methods, for the Pulkowa instrument during a year. 
They are taken from Srruve’s Description del’ Observatoire Central, 
p. 204, only changing the signs of € and 7 to agree with the 
preceding notation : 


§ ¢ 7 

1840,May 15; —41”.2 | + 32”.6 1840, April 17 | + 18.9 

Janes 6 | 46 4.) Shorty « 98] 414 8 

“ 22) —40 .9 +31 .7 June 3/ + 14.7 

July 3} —54 .3| +19 0 July 24; +10 .2 

“« 24; —48 38] +34 2 Sept. 24/ + 10 8 

Aug. 9} —48 .0| +36 .2 Nov. 3} + 4 4 

Sept.24| —48 .2| +4 21.7 Dec. 26| + 11 4 

“« 26| —53 0} +87 .2 1841, Mar. 15} + 15 .2 | 

Nov. 10} —38 .5| + 35.4 Mean + 12 5 
Dec. 26} —44 1] +29 38 
1841,Mar. 15] —48 5] +25 6 
Means —45 1 +29 5 


Vou. II.—25 
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The temperature during this period varied from — 22° to + 86° 
Fahr. The constancy of the coefficient of flexure for the 
extremes of temperature is as remarkable as the stability of the 
axis. ) 


254. By the preceding method of finding 7 we also find the 
constants 7, and c; but we can find 7 independently of these 
constants by observing the declinations of stars on the six hour 
circle. When zt = + 6, we have, by (259), 


6= D=7—esin ¢ cos d 


where D is the mean instrumental declination from the observed 
readings in the two positions of the instrument (the two obser- 
vations being taken in quick succession very near the six hour 
circle, and one on each side of it). If we put p= D— 0, we 
shall have the equation of cendition 


+7 +esin g cosd=—p (265) 


and from a number of equations of this kind the values of 7 and 
e will be found. 

If the same star is observed both at r= + 6* and tr = — 6, 
we shall have, for the two observations, 


7 + esin g cos 6 =p, 
—7 + esin gcosd =p, 


7 = 4 (Pi — Ps) (266) 


in which p,— p, will be the difference of the observed instru- 
mental declinations, corrected for any difference of refraction 
that may result from changes in the meteorological instruments 
in the interval between the observations. 

But it is not always possible to observe stars on the six hour 
circle in both positions of the instrument, the pier or stand inter- 
fering with one of the positions for stars within a certain distance 
of the pole. We must then find D from a single observation 
by applying the index correction, previously found from meridian 
observations by Art. 252. The equations formed from such an 
observation should have a weight of only one-half in combining 
the equations according to the method of least squares. 


255. Both € and 7 can be found in a general manner from 
observations upon different stars, without limiting the obser- 


EQUATORIAL TELESCOPE. 387 


vations to the meridian or the six hour circle. If each obser- 
vation of a star is complete,—that is, consists of the mean of two 
observations in the two positions of the declination axis,—we 
shall have for this mean 


6 = D —y cos(t — 8) — 
t=t-+ at —;ysin(rt — 8) tand+ B’e 


in which B and B’ are the coefficients of e in (259). Developing 
sin (cr — #) and cos (zc — #), we find 


E cost + sin Tt + Be =D—=s 
t 


at — sinrtand+ye ee (267) 
© 7 cost tan o + Ble=7r — 


and, from a sufficient number of such equations, at, €, 7, and 
will be determined. 


256. Again, € and 7 may be found from single observations,— 
that is, observations in but one of the positions of the declination 
axis,—by observing each star twice at very different hour angles. 
We shall have for two observations of the same star at the hour 
angles rt, and t,, circle preceding in both observations or follow- 


ing in both, 


r,t, + at — &sinr, tan 6+ 7 cost, tand + csec o> itand + Ae + Be 
r,—t, + at — &sinr, tan 6 + 7 cost, tand + csecd = itand+ A,ye+ Be 


where the signification of A and B is apparent from (259). The 
difference ae these equations gives 


—&(sin t,—sin r, )tan 0-+-7 (cos t,—cos7,)tan d-+(A,—A_) e+ (B,—B,) e= 
ies Ole ae (f, — 4) = 24 


Now, suppose one series of observations in which each star is 
observed at equal or very nearly equal distances from the meri- 
dian, east and west: this equation will then be reduced to the 


form 
— &sinz tan 6 + e cos g sec Osint = g (268) 


and from the whole series, embracing stars of very different 
declinations, € and e will be determined. 

Suppose another series in which each star is observed at or 
very near to its upper and lower culminations: the equation will 
take the form 


—ntand+=eccoog—gYq (269) 
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This series will, therefore, determine 7 and «. The upper sign 
will here be used for a series in which the circle is west of the 
meridian at the upper culminations and east of the meridian at 
the lower culminations. This appears to be the most simple and 
satisfactory method of finding the flexure e of the declination 
axis. Another method will be given in the next article. 


257. All the preceding methods of determining the instru. 
mental constants depend upon the accuracy of the graduations 
of the two circles of the instrument. Let us inquire how far 
it is possible to determine these constants independently of the 
circles, or without involving their errors.* 

First.—The inclination 90°—c of the telescope to the decli- 
nation axis can be separately determined, independently of the 
other constants, as follows. Bring the telescope into a horizontal 
position in the plane of the meridian, the declination axis being 
then also horizontal. Place two collimating telescopes in the 
prolongation of the optical axis, one north and one south, 
and, directing them towards each other, bring the cross threads 
in their foci into optical coincidence (the equatorial telescope 
being for this purpose temporarily moved out of the line joining 
the collimators by revolving it about the hour axis). Then, 
bringing the telescope upon one of the collimators, and clamping 
the hour circle, measure with the micrometer the distance 
between the fixed thread that marks the optical axis and the 
cross thread of the collimator. Revolve the telescope upon the 
declination axis, and measure the distance between its optical 
axis and the cross thread of the other collimator. The difference 
of the two micrometer measures is the value of 2¢. To elimi- 
nate any eccentricity of the fixed thread with respect to the 
optical axis, let each observation on a collimator be the mean of 
two taken in reverse positions of the thread corresponding to 
readings of the position circle differing 180°. This method is 
identical in principle with the process given for the transit 
instrument, and more fully explained in Art. 145. Instead of 
one of the collimators, a distant terrestrial point may be used. 

We may, at the same time, determine the flexure 2 of the 
telescope, with the aid of the declination circle, but without 
involving its errors of division (Art. 204). 


* See Bessux’s Astronom. Untersuch., Vol. I. p. 14. 
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Second.—An equation for determining the inclination, 90° — i, 
of the declination and hour axes, can be obtained from the 
observation of the transits of two different stars in the same 
fixed position of the declination axis, that is, with the hour circle 
clamped at any assumed reading. If r and 7’ are the apparent 
hour angles of the stars, and 7, 7’ the sidereal clock times of 
the transits (corrected for clock rate), the difference 2q of these 
hour angles will be known by the formula 


A Gas Tt eel" T — (a’ — a) (7 —1r) 


where r and 7’ are the corrections of z and z’ for refraction ; and, 
as the difference is very small, we may use rt for rc’ in the second 
member of (259): hence, if the circle precedes, we shall find 
for this difference the expression 


2q = — [ysin(t — ¥) + 1 — e sin g] (tan 6’ — tan 0) 
+ (¢ + e Cos ¢g sin r) (sec 3’ — sec 0) 


Now reverse the declination axis, setting the hour circle at a 
reading differing 12” from the former reading, and repeat the 
observation on the same stars on the following day. We shall 


then have, in the same manner, 


2 q = — [7 sin (tr — 8) — 7 + ¢ Bin g] (tan 6’ — tan 0) 
— (¢ — € COs ¢ Sin 7) (sec 0’ — sec 0) 


The half difference of these equations is 
gq —q¢ = (i —e sin ¢) (tan 0’ — tan 0) — ¢(sec 0’ — sec 0) (270) 


from which, ¢ being previously known, we find the value of 
i—esing. The hour circle is here used only to set the instru- 
ment approximately in the reverse position, and so that the values 
of rt in the second members of all the equations may be regarded 
as equal to each other in the computation of the small terms. 
We thus find the combination 7 — ¢ sin g independently of the 
circle reading; but we cannot separate 7 without such reading. 
Third.—The quantities € and 7 may be found independently 
of the reading of the circles by observing the same star at its 
upper and lower culminations, and also at its east and west 
trarsits over the six hour circle, without revolving the telescope 
upon the declination axis, and measuring the distance of the star 
in declination from the sight line with the micrometer. Thus, 
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for c= 0 and tr — 180°, the reading of the declination circle 
being constant, and f, and f, the micrometer distances of the 
star from the sight line in the two observations, r, and r, the 
refractions, and 0 the true declination, we have 


é6—r,—d+ ad+f, — & —e(sin ¢ cos 6 — cos ¢ sin 6) 
6-+r,—d+ ad+f,+ &—e(sin ¢g cos 6 + Cos ¢ sin 6) 


and the difference of these equations gives 
F=3(,—f) +4 +7) + ¢ 008 ¢ sin (271) 


For t = 90° and r = 270°, we have 


é+7r,=d-+ad+f,—7—esin ¢g cos dé 
6tr,=d+ ad+f,+7—esin ¢g cos 0 


in which 7, and 7, will be equal if no change in the meteoro- 
logical instruments has occurred. The difference of these equa- 
tions gives 


SA trams ames ania (272) 


258. A precise determination of the constants would be re- 
quired if the instrument were to be used for determining abso- 
lute hour angles and declinations. But so large an instrument 
is liable to be so much affected by its own weight and by changes 
of temperature that we could not rely upon the constancy of 
its condition for the intervals of time that must necessarily 
elapse between the determinations of its errors and its applica- 
tion to the observation of absolute positions of stars. Hence its 
chief application is to the measurement of small differences of 
right ascension and declination, or of distance and position angle 
of two stars with its micrometer. The advantages of the equa- 
torial system of mounting for this application are obvious. 

The methods of conducting these micrometer observations are 
discussed in the next chapter. 
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CHAPTER X. 
MICROMETRIC OBSERVATIONS. 


I sHALL confine myself to those micrometers which have been 
most generally approved by astronomers, either for their con- 
venience or their accuracy, and which are more or less in com- 
mon use at the present day. 


THE FILAR MICROMETER. 


259. This has already been fully described in Chapter IL, 
where also the methods of finding the angular value of a re- 
volution of the screw have been given. Those applications in 
which this micrometer is but an auxiliary of some principal instru- 
ment—as in the transit instrument, meridian circle, &¢.—have 
already been treated of under their appropriate heads. We are 
here to consider it as the principal instrument, and the telescope 
as the auxiliary: consequently, we are to suppose the tele- 
scope to be mounted with special reference to the convenience 
of micrometric observations, or, in short, to be an equatorial 
telescope. We also suppose it to be furnished with a position 
circle, constituting it a position micrometer (Art. 49). 


TO FIND THE DISTANCE AND POSITION ANGLE OF TWO STARS* WITH 
THE FILAR MICROMETER. 


- 260. With the equatorial mounting, the telescope can be 
readily directed to the stars at any time by setting the circles to 
the known hour angle and declination of the middle point 
between the stars. Moreover, the automatic movement of this 
instrument (by the driving clock), by means of which the stars 


*I say “stars,” in general, for brevity; but the methods given are obviously 
applicable to the measurement of the distance and position angle of any two near 
points, as the cusps in a solar eclipse, or to the measurement of apparent semi- 
diameters, &c. 
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are kept in a constant position in the field, is indispensable for 
the exact measurement of their distance and position angle. 

The micrometer is to be revolved until its transverse thread, 
which is parallel to the screw, passes through the two stars. 
The zero of the position circle (i.e. the reading when the trans- 
verse thread is in the direction of a circle of declination) being 
known = P,, and P being the reading upon the stars, we have 
at once the required position angle p, by the formula 


po P — P, (273) 


The distance of the stars is measured at the same time, by 
placing the fixed micrometer thread (which is perpendicular to 
the transverse thread) upon one of the stars, and the movable 
thread upon the other. The reading of the micrometer now 
being M (revolutions), and its zero for coincidence of the threads 
being M,, the required distance in revolutions of the micro- 
meter is 

m— M— M, (274) 


If F is the value of a revolution in seconds of are (Arts. 42, 43, 
&e.), and s = the observed distance in arc, we then have 


tanis =m tank, or, nearly, Sie=soiit Is. (275) 


The distance m may also be found by placing the same thread 
successively upon the stars and taking the difference of the 
micrometer readings, thus dispensing with the fixed thread and 
with the determination of M,. It will be still better to use two 
movable threads whose constant distance is known, as will be 
illustrated in Art. 265. 

In this process, we should bring the images of the stars on 
opposite sides of the middle of the field, and at very nearly 
equal distances from it. The position angle measured is then the 
angle between the arc joining the stars and the circle of decli- 
nation drawn to the middle point between the stars. Both the 
distance and position angle thus observed are apparent; the effect 
of refraction will be considered hereafter. 


261. Correction of the observed position angle for the errors of the 
equatorial instrument.—The preceding process would be complete 
if the zero of the position circle always corresponded to that 
position of the transverse thread in which it coincided with a 
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circle of declination. The adjustment described in Art. 49— 
namely, placing the micrometer thread so that an equatorial sta 
in the meridian runs along the thread—assumes, Ist, that the 
micrometer thread is perpendicular to the transverse thread, and, | 
2d, that the equatorial instrument is in perfect adjustment in all 
respects, so that the transverse thread, once adjusted to the meri- 
dian, will remain in the direction of a circle of declination in all 
other positions of the telescope. 

The first source of error is avoided by adjusting the transverse 
thread independently of the micrometer threads. This will be 
most readily done by directing the telescope upon a distant ter- 
restrial point, and revolving the micrometer until a motion of the 
telescope upon the declination axis alone causes the point to 
move exactly along the thread. The thread then represents a 
declination circle of the instrument, or rather a circle whose pole 
is that of the declination axis; and we take the reading P, in 
this position as the zero of the position circle. 

The second source of error is next to be removed by computa- 
tion, based upon the actual state of the instrument. The distance 
of the stars is correctly obtained independently of the errors of 
the equatorial adjustment, and we therefore have only to inves- 
tigate the effect of these errors upon the position angle. The 
adjustment of the thread by the method just described causes 
the thread to be at right angles to the are QS, Fig. 54, 
which joins the pole of the declination axis and the @ 
star. If P is the celestial pole and A is the required 
correction of the observed position angle, we have P 
the angle Q@SP = 90° — 4. Let P’ be the pole of the PB 
instrument, and put 


QSP’ = 90° — Q, PS Phe 7 


Fig. 54, 


we shall then have © 
hea g 4 @ 


The triangle QSP’ gives, with the notation of Art. 245, 


sin? — sinc sin @’ 


sin Q = ; 
cos c cos d 


or, with sufficient precision, 


Q =i sec 6 —ctand 
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To take the flexure of the declination axis and telescope into 
account, we see, by Art. 246, that we must increase 7 by the cor- 
rection di = — esing, and ¢ by the correction de = e cos ¢ sint. 
Hence, putting, as in Art. 253, 
i, =i—esng 
we have 
Q =i, sec 6 — c tan 6 — e cos ¢ tand sint 


The triangle PSP’, with the notation of Arts. 245 and 247, gives 


; sin y sin (r — #) 
oo cos d’ 


or, with sufficient precision, 
= y sin (rt — #) sec d 


and it is evident that the flexure produces no sensible effect upon 
this angle. We have, therefore, 


2 == y sin(t — #) sec 6 + 7, sec 6 — c tan 6 — e cos¢g tan dsint (276) 


This formula can be used for either position of the declination 
axis by observing the precepts of Art. 248; but if we wish to let 
0 always represent the actual declination, and regard (276) as 
applicable to the case in which the declination circle precedes, 
we shall have, for the case in which it follows, 


A = 7 sin (tr — 8) sec 6 — 7, sec d + c tan 6 — e cos ¢ tan 6 sin t (276*) 


The value of d must be that which belongs to the middle of 
the field, or the mean of the apparent declinations of the two 
stars. 

The position angle resulting from the observation will now be 


pHP Sha (277) 


262. The constant ¢ expresses the angle between the optical 
axis and the axis of collimation; and it may be well to repeat 
here the definitions of these terms as we have used them. The 
optical axis is the straight line drawn through the optical centre 
of the objective and the centre of the position circle; and the 
axis of collimation, the straight line drawn through the optical 
centre of the objective perpendicular to the declination axis. 
Now, the transverse thread may not pass through the optical 
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axis, but may have a certain eccentricity: hence, to obtain the 
position angle according to the above formula with the utmost 
rigor, we must take the mean of two observations in reversed 
positions of the thread, corresponding to readings of the position 
circle differing 180°. 

The correction A, if the equatorial adjustment is good, will 
seldom amount to one minute of arc, and may usually be disre- 
garded. The importance of a correct determination of the posi- 
tion angle increases with the distance of the stars, since an error 
in this angle will produce errors in the deduced relative right 
ascension and declination of the stars which are directly propor- 
tional to this distance: at the same time, the greater distance is 
favorable to accuracy in the observation of the position angle. 
The field of the filar micrometer, however, is small, diminishing 
as we increase the magnifying power for the sake of increased 
accuracy ; and, since for this observation both stars must be seen 
in the field at once, we are obliged to use low powers for the 
greater distances (from 10’ to 20’), and thus lose, in a degree, 
the advantage which the increased distance would otherwise 
afford. This difficulty does not exist in the use of the heliometer, 
for which, therefore, a greater degree of refinement in the deduc- 
tion of the position angle is requisite, and the above correction 
becomes of greater importance. 


263. Reduction of the observed position angle to the mean of the 
position angles at the two stars.—Let Sand S’, Fig. 55, ont 
be the stars, P the celestial pole, S, the middle point P 
between the stars, and let the are SS’ be produced 
through the star S’ towards A. Let 


p! = PSA, p! — PS'A, p= PSA. 


It is usual to assume p to be the mean of p’ and p”, 
but for large distances, and when the stars are near 
the pole, a correction becomes necessary. If we put 


6, 6’, 0, = the declinations of S, S’, S, 
s§ = the distance SS’, 


the triangle PS,S gives 


cos 6 cos p’ = cos 18 cos 6, cos p + sing sin 46, 
cos 6 sin p’ = cos 4, sin p 
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whence 


; : : F nee : 
cos 6 sin (p’ — p) = — sin; sin 0, sin p + sin’ zs cos 6, sin 2 p 

— ») 7 1 in21 y 2 
cos 6 cos (p’ — p) = cos 0, + sin 38 sin 6, cos p — 2 sin? 4 COs 6, COS” p 


and, developing sin $s and sin $s in series, 


cos 6 sin (p' — p) = — 1s sin 6, sin p + 748’ Cos 4, sin 2p + &e. 
cos 6 cos (p’ — p) = cos 6, + 48 sin 4, cos p — &e. 


Dividing the first by the second, and putting for tan (p’ — p) its 
value in series, we find ' 


p' —p = — is tan 6, sin p + 7 s?sin 2p (1 + 2 tan?d,) — As* + &e. 
In like manner, the triangle PS,S’ gives 


cos 0’ cos p” = cos 38 Cos 6, cos p — Sin? 8 sin 4, 
cos 6’ sin p” = Cos 6, sin p 


from which we see that the development of p’’— p will be ob- 
tained from that of p’— p by merely changing the sign of s: 
hence 


p’—p=+4s tan 6, sin p + 7s’sin 2p (1 + 2 tan’d,) + As + &e. 


Neglecting only the 4th and higher powers of s, we have, there- 


fore, 
(Pp + Pp”) — p= 7e8’sin2p (1 + 2 tan? 9,) (278) 


which is the required correction to be added to the observed 
position angle p to reduce it to the mean }(p’+ p’’). When s 
is expressed in seconds of are, the second member must be mul- 
tiplied by sin 1”. 

We also find, within terms of the 3d order, 


+ (p” — p') = 4s tan 4, sin p (279) 


The purpose of the observation is usually to determine the 
place of one star from that of another which is given. It will 
be convenient hereafter to consider the observed position angle 
as expressing the position of the unknown star referred to the 
known: thus, in the above formule the three position angles 
Pp’, p’’, p are all reckoned in the direction from the known to 
the unknown star, p’ being the angle at the former, p’’ the angle 


at the latter, and p the angle at the middle point between the 
two stars. 
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TO FIND THE APPARENT DIFFERENCE OF RIGHT ASCENSION AND 
DECLINATION OF TWO STARS WITH THE FILAR MICROMETER. 


264. First Mretnop.—Observe the distance s, and the position 
angle p, of the unknown star from the known star, by the pre- 
ceding method. For a rigorous method of computation we 
must first reduce the observed angle to the mean of the angles 
at the stars, by (278). Thus, if we denote this mean by p,, we 
first find 

Po =P + igs’? sin 1” sin 2p (1 + 2 tan’ d,) (280) 


in which we may take 0, = the mean of the declinations of the 
stars, which may be found with sufficient precision by a rough 
preliminary computation. If we also put ap = $(p’’— p’), we 
find in the next place, by (279), 


Ap = 348 tan 6, sin p (281) 


Now, @, 6 denoting the right ascension and declination of the 
known star, a’, 0’ those of the unknown star, the triangle 
formed by the two stars and the pole gives, by the Gaussian 
equations of Spherical Trigonometry, 


sin 3 (6’ — 0) cos} (a’— a) = sin 38 cos p, 
cos } (0’ — 0) cos } (a! — a) = CoS 38 COS Ap 
sin }(0’ + 6) sin }(a’ — a) = cos}s sin Ap 
cos 3(0’+ 90) sin }(a’ — a) = sin $8 sin py 


The Ist and 2d give 


COS P, 


tan 3 (6’ — 0) = tants. (282) 


cos Ap 
Having thus found 3(0’— 0), we also have 4(0’+ 0) =d + 
3 (6’ — 0); and then the 4th equation gives 


sin?s sin p, 


CoS 3 (0’ + 0) Cay, 


sin $(o’ — «) = 

For an approximate method of computation, sufficient in most 

cases, we can neglect the difference between p and p,, and, con- 

sequently, also neglect terms in s* in (282) and (288), so that 
these equations will become 


é’— 6 = 8 cosp i (284) 
a’ — a —ssin p sec} (6’ + 0) 


\ 
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Exampize.—In 1846, November 29, at the Washington Obser- 
vatory, Mr. Szars C. Waker observed the position angle and 
distance of the planet Neptune from a star as follows: 


Side time == 0* 17" 52? P= 6 eso an m — 20.576 rev. 


For the zero of the position circle he found P, = 272° 38’, 
and the value of a revolution of the micrometer was R = 15’’.406. 
The star’s apparent place was 


a == 217 51° 50°69 6 = — 18° 25! 52.76 
Hence we have, by (284), 


P—P,=p=169° 57.7 log cos p n9.99330 log sin p 9.24132 
log mR = logs 2.50105...... logs 2.50105 
s’— 6 = — 5 12".14 log (6’—0) n2.49435 log see 3 (6’+ 4) 0.01212 


4 (6! + 3)=—18° 28/29". a’ —a= +456". 82=+43°.79 log(a’—a) 1.75449 


The computation by the rigorous formulee (282) and (283) gives 
the same results. Negiecting the differential refraction, which 
will be treated of hereafter, these differences applied to the 
given place of the star give for the place of Neptune at the 
sidereal time 0" 17” 52°, 


a’ = 21" 51” 54°.48 6’ — — 18° 81’ 4”.90 


In the case of a planet the place thus found has also to be cor- 
rected for its parallax. (Arts. 102, 1038, of Vol. I.) 


265. When one of the stars has a proper motion, the mean of 
several observed distances and position angles will not corre- 
spond precisely to the mean of the times. To proceed rigorously 
in that case, we must compute the differences of right ascension 
and declination from each observation; and, as these differences 
may be regarded as proportional to the time, their mean will 
correspond to the mean of the times. But a briefer method 
of reduction consists in employing the mean of the observed 
distances and position angles corrected for second differences. Let 
51, Sg, 83, &e. be the observed distances, and s, their arithmetical 
mean; P,, Po, Ps, &c. the observed position angles, and p, their 
arithmetical mean; 7), 7;, 7;, &c. the corresponding observed 
times, and 7 their arithmetical mean. Lets and p denote the 
values of the distance and position angle corresponding to the 
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time 7. We have only to find s and p, with which a single com- 
putation of the differences of right ascension and declination 
will give the quantities required for the time 7. 

Let aa, ad be the changes of right ascension and declination 
in one sidereal second. If a’, 0’ are the values which corre- 
spond to the time 7) we have 


s sin p = (a’ — a) cos} (6’ + 0) 
Scosp= 6'’—o 


and, consequently, 


S, sin p, = (a’ — a) cos3 (0 + 6) + Aa (7, — T) cos} (6’ 4+ 8) 


8, COSp, = 0’— 6 + ad(T, — T) 
Eat 
| Neca Boma La ar DT ty, Xe. 
and, also, 
f sin 3% = Aa cos 3 (d’ + 0) \ (285) 
f cos 3 = Ad 
then 
Ss, sin p, = s sin p +f sin 3.7 
& COS p, = s COs p + f cos 3.7, 
whence 


s, sin (p — p,) =f sin (p — ¥).7, } (A) 
$, cos (p — p,) =s$ +f cos(p — 9).% 


These equations give, first, 


ie 
sin (p — 8). 


tan (p — p,) = eB - 
1+ > C08 (p — #).7, 


which developed in series [Pl. Trig. Art. 257] gives 


f ioe) NIN AEA Simatic. 


° 1 af; 
S sin 1” $? sin 1” A 


P=, 


Each observation gives an equation of this form; and the mean 
of n such equations, observing that 27 = 0, is 


Wigs sin 2 (p — #) Mid 
’? sin 1” “2n 


(D2 1 
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where we neglect terms of the third and higher orders. Here t 
is expressed in seconds of time, and we have, very nearly, 
eee 
2 (bein) 
If we employ the quantity m given by Table V.,—z. 


2 sin? 4c 
9 * sin” 
our formula will become : 
F J : xm 
a a ee ae PAG ae) ae 286 
eeu lee des en ee ) n ce 


Again, the sum of the squares of the equations (A) gives 
8? = 8s? + 2fs cos(p — #).7, + (f7,)? 
whence 


21 eae) i 


=1+4 Ecos (p — 8).7, +3() sin? (p — #) 


where the terms of the third order are neglected. The mean 
of n equations of this kind is 


So __y GeO Dee aes 
8 3? 2n 


and, if M is the modulus of common logarithms, we have, very 
nearly, 


28 
IBS Sine Gs 


It will be convenient to find the correction of p, in minutes 
of are, and the correction of log s, in units of the fifth decimal 
place; for which purpose we have to divide the last term of 
(286) by 60, and multiply the last term of (287) by 10% It will 
also be convenient to let aw and ad be the changes of right as- 
cension and declination in one minute of mean time, as they will 
usually be given in this form; and then we must divide f by 
60.164 (= no. of sid. seconds in 1” of mean time). With these 
modifications our formule will become 


log s == log s, u( 


Ap ) sin? (p —#) 2m 
n 


as revit am 
p= p, — [2.93984] pei 2(p — #) at 
‘ (288) 

log s = log s, — [4. 04185] _ sin’ (p — 9) =" 
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where the logarithm of the constant factor is given. The quan- 


tities aa, ad, f, and s are supposed to be expressed in seconds 
of arc. 


266. Seconp Mrrnop.—Set the declination circle of the equa- 
torial instrument to the mean declination of the two stars; direct 
the telescope to a point a little in advance of the stars, and clamp 
the hour circle. The telescope being fixed, the diurnal motion 
will carry the stars across the field. Set the transit threads (i.e. 
the transverse thread and the threads parallel to it) in the 
direction of a circle of declination, and, as the stars pass across 
the field, observe the clock times of their transits over the threads. 
At the same time, set the micrometer thread upon the two stars 
successively as each passes the middle of the field, and read the 
micrometer interval between them; this will give at once the 
difference of declination. The difference of right ascension will 
be the difference between the observed clock times of transit of 
the two stars over the same threads, this difference being, of 
course, reduced to a sidereal interval when necessary, and also 
corrected for clock rate. 

For the reduction of defective transits, it is necessary to know 
the intervals of the threads, which will be found as in the transit 
instrument (Art. 131). 

If one of the bodies has a proper motion, the differences 
obtained are those which belong to the instant when this body 
was observed. 

It is usual, in observations of this kind, to avoid all consider- 
ation of the errors of the equatorial instrument, by adjusting 
the movable micrometer thread at the time of the observation 
so that the star runs along the thread.* If the transit threads 
are exactly perpendicular to the micrometer thread, they will be 
(very nearly) parallel to a circle of declination drawn through 


* This method is, however, not strictly correct; for the apparent path of a star is 
not precisely perpendicular to the circle of declination, on account of the difference 
of the refraction at different points of this path. The error is, indeed, extremely 
small, except when the zenith distance is very great; but, if we wish to proceed with 
the utmost precision, we can set the threads by means of the position circle. If the 
zero P, of the position circle has been determined as in Art. 261, and the circle is 
set to this reading, the threads will make the angle / with a true circle of declina- 
tion; consequently, d and 0’ being the declinations of the stars, we must add the 
correction 3, (d’— 6) sind sec 0’ to the observed time of transit of the star whose 
declination is 6’. The angle / will be found by (276). 

Vou. Il.—26 
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the centre of the field; but, to eliminate any error arising from 
a defect of perpendicularity, the threads should be revolved 180° 
by the position circle, and the observation repeated; and in a 
series of consecutive observations there should be a like number 
of observations in these two positions. 

The slide moved by the screw is often provided with three 
micrometer threads the constant distance of which from each 
other is known, and each of the two bodies is observed on the 
thread which is nearest to it. By this arrangement we are 
enabled to measure a large difference of declination with but a 
small motion of the serew, which often facilitates the observa- 
tion, especially when the stars have nearly the same right ascen- 
sion, and, consequently, pass the middle of the field nearly at 
the same time. 

The equatorial mounting enables us to repeat the observation 
as often as we please, with the greatest facility. After each ob- 
servation we have only to revolve the instrument a small dis- 
tance upon the hour axis and clamp it again a little in advance 
of the objects. 


Exampte.—In 1846, November 29, at the Washington Obser- 
vatory, Mr. WALKER observed the difference of right ascension 
and declination of the planet Neptune and a star as below. The 
micrometer was adjusted so that the star ran along a micrometer 
thread. There were three micrometer threads, numbered 1, 2, 3, 
of which 1 was nearest the micrometer head, and the constant 
distance between 2 and 3 was 29.983 revolutions. The readings 
of the micrometer increased with the declination. The value 
of a revolution was Rk = 15’’.406. 


Transit Thread. Micrometer. 
Mean of threads. 

I 1 Ill Thread. M 
Star 2°.7 | 15*.2|27°4| 23°30™15°10 | 2 | 54.564 
Neptune | 48 .2| 0.5/12.5| “ 82 0.40 3 55.453 
@—— a= a 30 + 0.889 
— 29.983 
m = — 29.094 


ol nk = —— 7 28 hee 
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The star’s place was 
G2" 00" 8°.99 6 = — 138° 23’ 35”.11 


and therefore, neglecting the differential refraction and the 
planet’s parallax, we have 


a == 21* 51” 54*.29 dé’ == — 13° 31’ 3.38 


which belong to the time when Neptune was observed. The 
clock correction was — 8” 31°.7, and therefore the place deter- 
mined corresponds to the sid. time 23" 28” 28°.7. 

Five observations of the same kind were taken successively, 
which gave at the sid. time 23” 30” 56%, a! — a = + 1” 45°.28, 
O60 — — {7 297.40. 


267. Tu1rp Mrtuop.—When the telescope follows the motion 
of the stars automatically with great accuracy, we may measure 
the difference of right ascension by placing the micrometer 
threads at right angles to the diurnal motion and setting the 
fixed thread upon one star and the movable thread upon the 
other. The middle point of the are joining the stars should be 
as nearly as possible in the centre of the field. If, then, m is 
the distance of the threads, and its equivalent in arc is s = mR, 
we shall have, very nearly, sin (a’ — a) = 2 sin $s sec 0), in which 
6) is the mean declination. This method will not be used for 
stars far from the equator, and therefore in all practical cases 
we may take a’— a =ssecd,. The objection to this method is, 
that the difference of declination is not found at the same time. 


THE HELIOMETER. 


268. This instrument belongs to the class of double image mi- 
crometers. The object glass of an equatorially mounted tele- 
scope is bisected, the plane of the section passing through the 
optical axis of the lens, and the two semi-lenses, set in separate 
metallic frames, slide upon each other in a direction parallel to 
the line of section.* Hither semi-lens can be moved, and the 
amount of its motion measured, by a micrometer screw. Hach 
semi-lens forms a complete image of a distant object at the prin- 


' * The duplication of the image by means of two complete lenses was invented by 
BouacueER, in 1748. The improvement of substituting the two halves of a single lens 
was shortly after made by Joun DoLtonp. 
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cipal focus. These images (in a perfect instrument) are super- 
posed, and form but a single image at the focus, when the two 
semi-lenses are in their primitive position forming a single cir- 
cular lens; but when the optical centres of the two semi-lenses 
are separated by the sliding motion, the two images at the focus 
are separated from each other by a distance equal to the distance 
of the centres of the semi-lenses. The instrument thus arranged 
becomes a micrometer adapted for the measurement of small 
angular distances in general, but, from its supposed peculiar 
adaptation to the measurement of the sun’s diameter, has re- 
ceived the name of the heliometer. Thus, if 
A (Fig. 56) is the image of the sun formed 
at the focus when the centres of the semi- 
lenses are coincident, and one semi-lens is 
then moved until the image it forms is in 
the position A’, so that its limb is in appa- 
rent contact with that formed by the other semi-lens, the motion 
of the semi-lens, as measured by the micrometer screw, gives 
the measure of the angular diameter of the sun as soon as the 
angular value of a revolution of the screw is known. 

Again, if A and B (Fig. 57) are the images of two stars when 

anne the semi-lenses are coincident, and if (the direction 
oe iB of the line of section of the lens being made to coin- 
* * * cide with that of the line joining the stars) one semi- 

4“ * Jens is moved until the image of A is seen at B, 
while that of Bis moved to B’, the motion of the lens as given 
by the screw determines the angular distance of the stars. The 
position angle of the two stars will also be determined by the angle 
which the line of section makes with a declination circle; and 
for this purpose the whole lens is mounted so as to be revolved in 
a plane at right angles to its optical axis, and its position at any 
time is shown by a graduated position circle attached to the tube 
of the telescope. 

Such is the general principle of the instrument; but in order 
to give precision to the observation, it is necessary that the 
observed point of coincidence of two images should be in the 
optical axis of the complete lens, and that these images should 
be separated by moving the semi-lenses in opposite directions 
and equal distances on each side of this axis; or, if these condi- 
tions are not exactly or approximately satisfied, that we should 
have the means of computing the correction which the observed 


Fig. 56. 
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measure requires. For this purpose, the ocular is also provided 
with a micrometer screw and a position circle, and the position 
of the point of contact of two images, with respect to the line 
joining the centres of the two position circles, can be determined. 
The mode of using the data thus obtained will be discussed in 
the general theory of the instrument hereafter given. 


269. Plate XV. represents the heliometer of the Konigsberg 
Observatory, with which BussrL determined the parallax of 
61 Cygni. The focal length of the telescope is 102 inches, the 
diameter of the lens is 64 inches. The equatorial mounting 
needs no special explanation, as it is essentially the same as 
that described in the preceding chapter, except that the stand is 
here of wood and adjustable by means of four foot screws. The 
sliding motion of the semi-lenses is produced by the micrometer 
screws a, b, which are moved by the observer by means of the 
rods a’ and 6’. The measure of the motion is obtained either 
from the graduated heads of the micrometer screw or from two 
graduated scales, which are read by the microscopes é and ff. 
The latter method is, however, chiefly used as a check upon the 
former, and also to verify the regularity of the screw. The 
revolution of the lens about the axis of the tube is effected by 
a rack (hh) and pinion, which is out of view in the drawing, 
but is acted upon by the rod ec. In order to read the micrometer 
and position circle after an observation is completed, the tele- 
scope has only to be revolved upon the declination axis until its 
object end is brought to a convenient position for reading. 

It greatly facilitates the successive repetitions of the observation 
to employ the automatic movement by clock-work; for after an 
observation the telescope can be revolved upon the declination 
axis without stopping the clock, and after reading the micrometer 
and position circle it can be restored to its former position in 
declination, and the objects will be still in the field. 

It is one of the chief advantages of the heliometer that the 
precision of the observation is not impaired by the diurnal 
motion; for even when we do not employ the driving clock, a 
good result is obtained whenever we have made a contact of the 
images of the observed points near the centre of the field. The 
automatic movement is, therefore, not essential to secure the 
accuracy of the observation (as it is in the case of the filar mi- 
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crometer), but is chiefly important as facilitating the repetition 
of the observation. 

It has been objected to the heliometer that the optical per- 
formance of a semi-lens is imperfect. In fact, it appears that, 
although the correction for spherical aberration of a complete 
lens may be perfect, it is not perfect for each half of the lens,— 
at least, it has not been found perfect in the instruments of this 
kind heretofore constructed. There is also some inflexion of the 
rays of light produced at the line of section. The combined 
effect of these causes is an elongation of the separated images in 
a direction at right angles to the line of section. Another ob- 
jection is, that the brightness of each of the images is but one- 
half that of an image formed by the whole lens. It has also been 
found that when the two semi-lenses are in their primitive posi- 
tion, forming a single complete lens, the two superposed images 
do not always form a single constant image, but that in a dis- 
turbed state of the air the images are frequently seen to separate 
momentarily. This effect, of which no entirely satisfactory ex- 
planation has been suggested, has been observed in most if not 
all the heliometers. 

But these optical defects are more than compensated by the 
superior accuracy in the measurement of distances, resulting 
from the great precision with which contacts and coincidences 
of images can be observed. The elongation of the images, being 
in a direction at right angles to the observed distance, has no 
sensible effect upon its measure, and its minute effect upon the 
position angle is eliminated by repeating the observation with 
opposite motions of the semi-lenses, that is, by interchanging 
the images. The tremulous motion of stars arising from a dis- 
turbed state of the air is in general common to the images of 
both objects, and, therefore, does not affect the observation of a 
contact; and the momentary separation of the images above re- 
ferred to, which when the semi-lenses are separated produces 
a slight tremulous motion of each image, does not cause the 
images to appear so unsteady relatively to each other as the 
single image formed by a complete lens relatively to the thread 
of the filar micrometer. Finally, the experience of Brssrn and 
others in the actual use of the instrument has proved that the 
probable error of a single measure, whether of distance or posi- 
tion angle, is less than in the use of any other micrometer.* 


* See Bussux’s account of the Kénigsberg heliometer, Astron. Nach. Vol. VIII. 
pp. 411-426. 
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The heliometer possesses a great advantage over all other 
micrometers in the measurement of comparatively large dis- 
tances. With a filar micrometer the distances observed must be 
the less the higher the magnifying power employed, since the 
whole distance must be in the field of view; but no such restric- 
tion exists with the heliometer, where only the point of contact 
or coincidence of two objects is required to be in the field. 
With the Kénigsberg instrument above described, a distance of 
1° 52’ can be measured. 


GENERAL THEORY OF THE HELIOMETER. 

270. In the following discussion of the mathematical theory 
of the heliometer I shall chiefly follow BussxEu.* 

I shall first investigate the general formule which determine 
the position of any point of the celestial sphere observed with 
one semi-lens, the data being—Ist, the declination and hour angle 
of the point of the sphere which is in the heliometer axis, which 
point may be called the pole of the heliometer axis; 2d, the 
position of the semi-lens with respect to this axis, as given by 
the micrometer and position circle of the objective; 3d, the 
position of the point in the field where the image is observed, 
as given by the micrometer and position circle of the ocular. 

By the heliometer axis is here meant the straight line which 
joins the centres of the position circles of the objective and 
ocular; and we shall here apply to this axis the notation which 
in the theory of the equatorial instrument (Art. 245) was applied 
to the sight line. Thus, 90° — ¢ will now express the distance 
of the pole of the heliometer axis from the pole of the declina- 
tion axis. If then we denote by 0, and zc, the declination and 
hour angle of the pole of the heliometer axis, we shall have, by 
(258), 

6, = d+ ad—y cos (1, — ¥) ) (289) 

r, —t + at —ysin (cr, — 9) tan d, +c see 4, — i, tan 8, S 


where d and tare the readings of the declination and hour circles, 
and ad, at, y, 0, c, and 7, are the constants of the equatorial in- 
strument, supposed known. The terms depending on the flexure 
are here omitted, as not sensibly affecting micrometric observa- 


* Astronomische Untersuchungen, Vol. 1., Theorie eines mit einem Heliometer versehenen 
quatoreal-Instruments. See, however, also Hansen’s Ausfiihrliche Methode mit dem 
Fraunhoferschen Heliometer Versuche anzustellen, 4to. Gotha, 1827. 
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tions, excepting only the term esingtan0,, which, on account 
of the factor tan 0,, may be supposed to become sensible for 
stars very near the pole; and this term is included in our for- 
mule by the substitution of 7, = 7 — esin ¢. 

It is assumed that the images of infinitely distant points 
formed by each semi-lens are mathematical points, that they all 
lie in the same focal plane perpendicular to the heliometer 
axis, and that the straight lines joining these points and their 
images pass through the optical centre of the semi-lens. Let 
this optical centre be denoted by O. The point O is moved by 
the micrometer screw in a plane which is at right angles to the 
heliometer axis and in a line which should pass through that 
axis; but a perfect adjustment in this respect will not be 
assumed, and we shall suppose that the line in which the point 
O moves is at the distance } from the heliometer axis. The 
position of the point O in this line at any time will be deter- 
mined by the micrometer reading m, together with the reading 
that corresponds to some assumed point of the line as an origin. 
Let this origin be the point of the line which is at the least dis- 
tance (= 6) from the heliometer axis, and let a be the reading 
when O is at this point; then the distance of O from this origin 
at any time will be expressed by m — a. 

The direction of the line of motion of the point O at any time 
will be given by the position circle. The zero of the position 
circle will be the reading when this line coincides in direction 
with a celestial circle whose pole is the pole (Q) of the declina- 
tion circle of the instrument, as in Art. 261. If we here denote 
this zero reading by n,, and the reading at any time by n, the 
position angle of the line of motion will be 


=n—n, +2 
in which we have, by (276), 
A = [7 sin (1 — #) + 4] see 4, — (¢ + e cos g sin 7%) tan 6, (290) 


271. Now, in order to express the position of the point O in a 
general manner, let us take two planes of reference at right 
- angles to each other passing through the heliometer axis, and 
let one of these planes be the plane of the circle of declination 
passing through the pole of this axis. Let AY, Fig. 58, be the 
intersection of the plane of the circle of declination with the 
plane of motion of the semi-lens; A_Y the intersection of the 
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second plane of reference with the plane of motion; BO the line 
in which the optical centre O of the semi-lens moves; AO, the 
perpendicular from A upon BO. Then, according to the nota- 
tion above adopted, we have A0,= b, 0,0 =m — a, and ABO 
=n—n, + A=n— k, where, for brevity, we put 


k=n,—A (291) 


Hence the distance of O from the two planes of reference, or 
its co-ordinates on the axes AY and AY, are evidently 


x= (m — a) sin (n — k) + b cos (n — Kk) 
y = (m — a) cos (n — k) — b sin (n — k) 

The position of the point in the field of the ocular, at which 
the image of the celestial point is observed, which point we shall 
call the point 0, will be determined by referring it to the same 
two planes: so thatif py, a, v, x, 8 have the same signification for 
_ the point o that m, a,n, k, b have for the point O, the co-ordinates 

of o, with reference to these planes are 

= (4 — a) sin (vy — x) + # cos (v — x) 

7 = (4 — a) cos(v — x) — f# sin (v— x) 


Fig. 58. Fig. 59. 
Og P 
“) 
Ao, ae 
B 
S 
A 


The direction of the sight line 00, or that of a star whose image 
is observed at 0, can now be determined by means of these co- 
ordinates and the distance f’ between the planes of motion of 0 
and O.- Conceive a straight line to be drawn through 0, parallel 
to the heliometer axis. This line and the heliometer axis have 
the same vanishing point in the celestial sphere, namely, the pole 
of the heliometer axis. Let A, Fig. 59, be this point of the 
sphere, S the star in the sight line 00, P the pole of the heavens. 
The plane passed through the line oA and the line 00 makes 
with the plane of the circle of declination PA the angle PAS=7z; 
and the angle between the lines 0A and 00 is measured by the 
arc AS = 4. The distance of O from the line 0A is f’ tan J, 
and its distances from the plane of PA and the plane drawn 
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through 0A at right angles to the plane of PA are f’tan 4 sin z 
and f’tan4cosz. These distances are also expressed by x — ¢ 
and y — 7; and hence we have the equations 
Wi ew ARS ig eat 15 
f tan 4 cos 7 = y= 4% 
If we take the linear distance of the threads of the micrometer 
screw of the objective as the common unit of measure of all the 
quantities m, a, b, p, a, 8, f’, and if Ris the angular value of one 
revolution of the screw, we have, since f’ is the focal length of 
the lens, P 
tn — 
ae 
Hence, the above expressions divided by jf’ give 
tan 4sin x = tan & [(m — a) sin (n —k) + 6 cos (n — k) 
—(~u —a) sin (v — x) — Pcos(v — 4)] 
tan 4cosz = tan R [(m — a) cos(n —k) — b sin (n — k) 
— (v —a)cos(v — x) + # sin Vv — x)] 


(292) 


These determine J and z, with which the declination 0 and hour 
angle rc of the star are determined by means of the formule, 
derived from the triangle PAS, 


cos 6 cos (r,— 7) = cos 0, cos 4 — sin 6, sin 4 cos z 


sin = sin 0, cos 4 + Cos 6, sin 4 cos x 
(2938) 
cos 0 sin (t,— t) — sin 4 sin z 


272. We can now proceed to the determination of the relative 
position of two stars S and 8’ whose images have been brought 
into coincidence by giving the two semi-lenses different positions. 
This relative position is expressed (as in the use of the filar 
position micrometer) by the distance s = SS’, and the position 
angle at the middle point of SS’= p. Thus, in Fig. 55, p. 395, 
S, being the middle point of SS’, we have PS,S’=p. The 
declination d,and hour angle z, of 8, will be regarded as known. 

Let us distinguish the two semi-lenses by the numerals I. and 
IL, and let the formule (292) and (293) refer to the semi-lens I. 
and to the image of the star S formed by it. Let the image of the 
star S’ be formed by the semi-lens IL., and let the several quanti- 
ties referring to this star be distinguished by accents, excepting 
those which are common to both stars. These common quanti- 
ties are—Ist, the readings n and » of the position circles; 2d, the 
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micrometer reading #— a and the constants # and x of the 
ocular, since these refer to a single point of the field. But we 
shall suppose the lines of motion of the two semi-lenses to be not 
perfectly parallel, and shall therefore express the angle which 
the line of motion of the semi-lens II. makes with a declina- 
tion circle by n — k’; so that, 7,’ denoting the zero reading of the 
position circle when this semi-lens is used, we have 


K=nj—a2 (294) 

tan 4’ sin z’ = tan R [(m' — a’) sin (n —#’) + 0’ cos (n — Ff’) 
— (# —a) sin (vy — x) —f cosy — x)] 

tan 4’ cos x’ = tan R [(m’ — a’) cos(n — Kk’) —0' sin (n — k’) 


— (w —a) cos(v — x) + #sin Y — x)] 


(295) 


sin 6’ = sin 0, cos 4’ + cos 6, sin 4’ cos 7’ 
cos 6’ cos (7, — 7’) = cos . cos 4’ -— sin 6, sin 4’ cos z’ - (296) 
cos 9’ sin (rt, — 7’) = sin 4 sin z’ 


The triangles PS,S and PS,S’ (Fig. 55, p. 895) give 


sin $s sin p = — cos 6 sin (t — 7) 
sin 3S cos p= — sin 6 cos 6, + cos 6 sin 6, cos (t, — T) 
cos¢s== sin 0 sin 0, + Cos 6 Cos 0, Gos (zt, — 7) 
and (297) 
sins sinp = _ cos 6’sin(1,— 7’) 
sin}s cosp = _ sin 0’ cos 0, — cos 0’ sin 6,c08 (t,— 7’) 
cos¢s == sin 0’sin 6,-++ cos 0’ cos 0, cos (t,— 7’) 


From these equations we must eliminate 0, 7, 6’, and 7’, since the 
values of s and p, resulting from the observation, are to be 
derived only from the declination 6, and hour angle +, of the 
middle point between the stars, and from the data obtained from 
the instrument. For brevity, let us write uw and v instead of 
tan 4-sin z and tan 4 cos z, and w’ and v’ instead of tan J’ sin z’ 
and tan 4’cosz’. Also, put r and 7’ for 7/(1 + uu + vv) and 


V(i+ wu’ + v'v’). The equations (293) and (296) become 


r sin 0=—sin 6,+ v cos 0, 
r cos 6 cos (tr, — tT) = Cos 6, — v sin 0, 
r cos 6 sin (t, — tT). = 4 
and 
r’ sin 6’==sin 6, + v' cos 6, 
r’ cos 0’ cos (zt, — 7’) = cos 6, — v’ sin 4, 
r cos 6’ sin (rt, — 7) = wu 
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These, combined with (297), give 


rsin }s sin p—=— cos 0,sin (t,—7, )— U C08 (t,— 7,) + ¥ Sin 4, sin (t,—7,) 
r sin $s cosp—=—Sin 6,08 5,-++ Cos 0,8in 6,c08 (t,— 7, )— u sin 0, sin (t,—1,) 
—v [cos 6, cos 6, + sin 0, sin 6, cos (t,—7,) ] 
rcos$s== sin 0,sin 6,+ cos 0,co8 5,C08 (t>—7,)— U COS 4, 8in (T,~—7,) 


+ v [cos 0, sin 6,-— sin 6, cos 6, cos (t,—7,)] (298) 
and 


r/sin $s sin p—cos6, sin (t,—1,) + wv’ cos(z,—7,) —v’ sin 0, sin (t,—7,) 
r’sin $s cosp—sin 0, cos 0,— Cos 4, sin 6, cos (t,—T,) + wu’ Sin 6,8in (t)—7,) 
+ v’ [cos 6, cos 4, + sin 6,sin 0, cos (t)—7,) ] 
7’COS $$ =Sin 6, 8in d+ COS 4, COS 4) COS (tT) —7,) — U’ COS Oy SiN (t>—7}) 
+v’ [cos 6, sin 6:— sin 6, cos 4 Cos (t)~—t,) ] (299) 


These equations not only determine s and p, but also give a 
relation between 0,, t,and 0,,7,. To find this relation, multiply 
the first two equations of (298) by 7’, and the first two of (299) 
by vr, and subtract the former products from the latter: we find 
0=(r-+ 7’) cosd, sin (tT) —7,)-E(7’u + ru’) cos (t7 —7,)—(r'v + rv’) sin 0, sin (Ty — T,) 
0=(r-+-7’) [sin 0, cos 6) — cos d, sin dy cos (Tt) — 73) ] + (7’u + ru’) sin dy sin (Ty — 7) 

+ (r'v + rv’) [cos J, cos dy + sin 0, sin dy cos (Tt) — 7,)] 
which, {f we put 


I, Uy 
tan g sin a2 ews 
r+r 

(300) 
»l , 
tan g cos qa elaos 
r+r 


may be written in the following form: 


0 = [cos d,—sin d,tan g cosG@] sin (t7—1,)-+tang sin@ cos(r,—1,) 
sin ,+-comd,tan g cosG 
tan dp 


=[cos 6,—sin d,tan g cosG] cos(t>—7,)—tan g sinG sin(t)—7) 


If we multiply each of these by cosg, and then introduce the 
auxiliaries h and H, determined by the conditions 


sinh =sing sin G 
cos h sin H = sin g cos G (301) 


cos h cos H = cosg 
we shall have 


0 = cos h cos (4, + A) sin (t) —7,) + sinh cos (ty —7) 


cos A sin (6, ++ H) : 
tan dy C08 A c08 (2, + H1) 08 (z)—z,) —sin Asin (ry —1,) 
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from which we deduce 
cos h sin (0, + H) 
tan 0, 
cos A sin (0, + H) 
tan 0, 


COS (t) — 7,) = cos h cos (6, + H) 


sin (t,— 7,) = — sinh 
and the sum of the squares of these gives, by a simple reduction, 
cos fh sin (0,-+ H) = sin 6, 


By the combination of the last three equations we have, therefore, 


sin 6,= cos A sin (6, ++ H) > 
Cos 6, cos (t, — t,) = cos h cos (6, + H) t (802) 
cos 6, sin (tr, — 7t,) = — sinh : 


If we regard 0, and t, as given by the declination and hour circles 
of the instrument, with the aid of (289), we can employ these 
equations to obtain 0, and z,; or, if d, and zt, be regarded as known, 
we can employ the same equations to obtain 0, and 7,, and then 
the reading of the declination and hour circles is altogether dis- 
pensed with. 

The values of s and p will be derived from the following equa- 
tions, which are obtained by adding (298) and (299): 


(7-+r’) sin $s sin p = (u’—u) cos (t,—t,) —(v’—v) sin 4, sin (z,—1,) 
(r-+7’) sin 38 cos p = (u’—u) sin 6, sin (t, —7,) 

++ (v'—v) [cos 6, cos 0,+sin 6, sin 6, cos (t,—7,)] 
(r+r’) cos3s == 2[sin 0, sin 6, + cos 6, cos 0, cos (7, — 7,)] 

—(u’+u) cos 6, sin (t, — 7,) 

-+ (v’+-v) [cos 6, sin 6,—sin 6, cos 6, cos (t,—7,) ] 


(308) 


In these rigorous formule, every thing in the second members 
is known. But it will never be necessary to employ them in 
this rigorous form, except when the two stars are so near to the 
pole that the quantities uw, v, u’,v’ can no longer be regarded as 
small in relation to the polar distance. In almost all cases, 
therefore, an approximate development of the formule will 
suffice; and this I proceed to consider. 


273. The approximate development of the equations (803), 
when the terms involving the third and higher powers of w, v, v’, v’ 
are neglected, is extremely simple, and would lead us to the 
formule usually given for the heliometer. But it is easy to see 
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that such a development is not sufficiently exact, even for stars 
near the equator, when their distance approaches to the maximum 
limit (of about 2°) which the instrument is capable of measuring, 
unless a special method of observation is exclusively employed 
by which the terms of the higher orders are rendered practically 
insensible. The nature of such methods of observation will be 
seen hereafter; but, in order to. obtain the most generally useful 
formule, which can afterwards be simplified and adapted to 
special cases, I shall follow out the very precise development, 
given by BusseL, in which the terms of the third order are 
retained. 

In order to develop tie equations (303) as far as terms of the 
third order in w, v, u’,v’, it is necessary to develop the factors 
by which wu’ — u, v’— v, u’ + u,v’ + v are multiplied, as far as 
terms of the second order only. If in (300) we substitute the 
values of r= 7/(1 + wu + vv) andr’ =7/(1 + wv’ + v'v’), and 
develop the expressions, we shall find that when terms of the 
third order are neglected they are reduced to 


tan g sinG = 1(w' + w) 
tan gcosG = 1(v' + v) 


and consequently we shall have, with the same degree of approxi- 
mation, 
sin g sin G = 3(u’+ wu) 
sin g cosG = 3(v' + v) 
608 @ Snare oe)? 
The equations (302), by the substitution of the values of h and H 


according to (801), become 


sin 0, = sin 0, cos g + cos 6, sin g cos G 
cos 6, cos(z, — t,) = cos J, cos g — sin 46, sin g cos 4 
cos 6, sin (t, — t,) = — sin g sinG 


from which follow, also, 


cos g = sin 3, sin 6, + Gos 6, cos 6, cos (tz, — 7,) 
sin g cos G = cos 4, sin 6, — sin 0, cos 4, cos (t, — 7,) 
sin g sin G = — cos 6, sin(r, — 7,) 


With the aid of these equations the required development of 
(303) is readily obtained. We find 


HELIOMETER. 415 


(7+ 7”) sings sin p = (w’ — u) [1 — gw’ 4 vu)? — Lv’ + uw)? tan? 3] 
+ (o' —v) [3 + u) tand,— Fw + u) (w+ »)] 
(r+ 7”) sings cosp = (v’— v) [1 — 4 (v4 v)? — sw’ 4 uv) tan? 6] 
— i w— uv) Ww + uw) tan 4, 
(rt) costs=2 (1 + 2 (4 w+ £0 + v9] 


or, dividing the first two of these by the third, 


2 tan 2s sin p—(u' —u)[1—i(w’ +0)’ 3 (0' + v)’—3 (uu)? tan? 0] 
+ (w/v) [3 (w+ w)tan 6, — 3 (w+ 0) (v' + v)] 

2 tan $s cosp —(v’—v)[1—} (0+ v’—3 (w+ u)’—3 (uu)? tan? d,] 
— (wv —u) (w+ u) tan 6, 


(304) 


in which we are now to substitute convenient expressions for 
“i — eu, v' — v, wu! + u,v’ + v. 

It is expedient in practice to make all our observations depend 
upon but one of the micrometer screws of the two semi-lenses, 
since all the time that we may have to devote to the investiga- 
tion of the errors of the screws may then be expended upon this 
one. Let us suppose the micrometer screw of the semi-lens I. 
to be thus adopted, and let w denote the angle between the lines 
of motion of the semi-lens I. and of the ocular, so that 


OD) = (n —k)—0 —%) 
and let f and /’ be determined by the conditions 


f sin F = tan R [(m—a)sin (k’—k)-+0 cos (k’—k)-+(p—a) sin w—f cos w] 
f cos F= tan R [(m—a)cos(k’—k)— sin (k’—k)—(u—a) cosw—f sin w] 
(305) 


Multiplying these respectively by cos(n — k’) and sin (n — fk’), 
and also by — sin (n — k’) and cos (n — k’), the sums of the pro- 
ducts are, by (292), 


u=f sin(n — k’'+ F) 
v =f cos(n —k’'+ F) \ ch) 


from which it follows that f and n — k’+ F are the same as 
tan 4 and z. 
If we also assume S and F to be determined by the conditions 


2tan}S sin H—tan R[—(m — a) sin (k’—k) + b'— bcos (K —k)] 
2 tan }Scos H= tan R[(m’—a’) —(m—a) cos (k—k)+bsin (k’—k)] 
(307) 
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we shall find, by means of the multiplication and addition above 
employed, and by comparison with (292) and (295), 


uw —u = 2 tan3S sin(n — XK’ + F) i 
v —v = 2 tan3Scos(n — k’'+ E) (308) 


and from (306) and (308), 


AGA ES Oe RESUG ET IC iS 309 
i(v' + v) = tan} Scos(n — + EF) + feos(n— k'+ F) oo 


To facilitate the substitution of these values in (304), let us put 


g=n—KH+E w= 40 +4) 1, =410' +9) 
we shall then have 
tanzs . A 
- sin p = sin g (1—u?2—3 v’— 3 u,’ tan’ 4,) + cos gq (u, tan d,— u,v,) 
tan 3S 
tan 3s : 
pee cosp = cos ¢ (l—v?—} u,’—1 u,’ tan’ 0,) — sin g.u, tan 6, 
tan 3S 


Multiplying these respectively by cos g and — sin q, and again 
by sin g and cos q, the sums of the products are 

tands 
tan}S 


tan2s : 
_—_-_ cos( p—gq)=1 — (u,? + v,)—} u,? tan? 6, + 4 (u,cosg—v,sin g)? 


sin( p—q)=u, tan 0,—} cos ¢[2v,(u,cos q—v,sin 7) +-(u,?+0,?)sin g] 


tan3S 


The square root of the sum of the squares of these equations, 
neglecting terms of the 4th degree in their second members, gives 


tan 3s = tan2S[1 —(u’-+ v7) + $(u, cos g — sin ¥)] 
and their quotient gives tan (p — q), for which we may write 
p —4q; whence 
p—q=4%, tan 6, — 5 cos ¢ [2 v,(u, cos g — 1, sin g) + (u,? + v,”) sin g] 
But with the notation just adopted, the expressions (309) become 


u— tanzSsing +fsin(g + F— B£). 
v, = tan? S cosg +fcos(q + F — B£) 
whence, also, 
uy’ + v? = tan??S + 2f tant S cos(f — F)+f? 
u, cos ¢ — ¥, Sin g =f sin(f — FE) 
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by the substitution of which we obtain 


tan3s—tan3S {1—tan?;S—2f tan 3S cos( #—H)—3 f?[1+-cos( F—E)}} 
p=q-+ [tan2Ssing+/sin (¢g + F— L£)] tan 6, 
—3cos q[tan’3S sin g + 2f tan3S sin(g + F — B) 
+f?sin(g+2F—2B)] (310) 


In the terms of the order of tan?4S, we may put p for q; but 
in those of the order of tan 4s, in the first line of the value of p, 
we shall employ the more accurate value 


g=p —[tanzS sinp + fsin(p + fF — £)] tan 6, 


Dividing the first equation of (310) by 1— tan? 45S, the first mem. 
ber becomes } tan s, within the degree of approximation here 
adopted, and in the small terms we may put $s for-tandS. The 
equations thus become 


tan s = 2 tan}S {1 — fs cos(# — EB) — 3 f? [1 + cos*(F— E))} 
pHn—h+#+Essinp+fsin(p + F— £)] tan 6, 
— [{s*sin p+4/s sin(p+Fh— #)+3/*sin(p +2 —2 E)]cosp 
— [fs’sin2p+Jfssin(2p+F—L£)+4/?sin(2 p+2 F—2£E)] tan? 6, 


These may, however, be still further simplified. The angle /# is, 
in general, either very small or very nearly 180°, according as 
m!' — a’ —(m — a) is a positive or negative quantity in (807). 
The case must be excepted in which the distance s is itself so 
small as to be regarded as of the same order as k’ — k and b’ — 6; 
but in this case the terms involving # are themselves so small 
that they can be wholly neglected. Putting, therefore, in the 
small terms, H = 0 or = 180°, and also substituting the value 
of k’=n,!— 4, and of 4 by (290), we have, finally, 


tans—2tan3S [1 = fs cos F — 3 f?(1 + cos? F)] 
pH=n—nl +H + [ sin (zr, — 4) + 4] sec 4, 
+ [4ssinp + fsin(p + F) —e¢ —ecos g sin 7] tan 4, (311) 
—[issinp+4fssin(p+F)+43/?sin(p+2F)]cosp 
-—[4s?sin 2p+3 fssin(2p+F)+3/?sin(2p+2 /)] tan’, 


in which the upper or the lower sign is to be taken according as 
m’ — a! —(m—a) is positive or negative. In the value of & 
(290), we have here substituted rc, and 0, for z, and 0,, which will 
produce no appreciable error. 
The angle p here expresses the position angle from the star 
Vou. Il.—27 
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whose ‘image is formed by the semi-lens I. fo the star whose 
image is formed by the semi-lens I. It is also to be observed 
that we have employed the formulee for the equatorial instrument 
as given for the case in which the declination circle precedes the 
telescope: so that, according to Arts. 248 and 250, when the 
declination circle follows, t, will be the hour angle increased by 
180°, and 0, will be the supplement of the declination; conse- 
quently, also, p will be the position angle increased by 180°. 


274. The coincidence of the images of the two stars S and S’ 
can be produced at the point O (Art. 271) in two different ways, 
namely, by opposite motions of the semi-lens II. relatively to 
the semi-lens I. By the combination of the observations made 
in these two ways, we shall be able to eliminate a, a’, b, b’, k’ — k, 
and it will no longer be necessary to determine these quantities. 

Let us suppose the semi-lens I. to remain in the same position 
as in the first observation, and that the semi-lens L. is now 
moved in a direction opposite to that of its former motion until 
the second coincidence of the images is produced. This will, in 
general, require a common revolution, to a small extent, of the 
two lenses about the heliometer axis, thus slightly changing the 
reading of the position circle, which reading we shall now denote 
by n, Let the reading of the micrometer in this observation be 
m,’, and let the corresponding values of S, H, and p be denoted 
by S,, #, and p, The formule (807) and (811), with these 
changes, will then apply to this second observation, and (307) 
will become 


2tan2 8, sin #, = tan Rk [— (m—a)sin (k’— k) + b’—bcos(k'— k)] 
2tan?S, cos H, = tan & [m,’—a’—(m — a) cos (k’— k) + 6 sin (k’ —h)] 


Since m,/— a’ and m’ — a’ fall upon opposite sides of m—a, the 
quantities 2 tan}S,cos #, and 2 tan $Scos # have opposite signs, 
but 2tanZS, sin £, and 2 tan3S sin # are equal; from which it 
follows (since S, and S can differ only by terms of the 8d order) 
that H, differs from 180° — H only by terms of the order of the 
product of k’ — k into s’, and this difference may be regarded as 
altogether insensible. In the application of (311) to the second 
observation, therefore, the meaning of the double sign will be 
reversed. We can, however, avoid all the difficulty in distin- 
guishing the cases in which # is to be taken greater or less than 
90°, by calling that observation the first, for which EF < 90°, and 
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applying to it the notation m’, n. Under this condition, the 
upper signs of (311) will be used for the first observation and 
the lower signs for the second ; and the value of p, for the second 
observation will be 180° + p. 

The formule for the two observations may, therefore, be 
expressed as follows, where we introduce the value of 2tan}S 
given by the second equation of (307) after neglecting the insen- 
sible terms (which terms, however, even if they were sensible, 
would be eliminated by the subsequent combination of the two 
observations) : 


1st Observation. 


(eee, ea 
tan s = tan R oe Gate) 


cos 
pH=n—n,+ H+ [7 sin(@ — ¥) + i] sec 6, 
+ [4s sin p + fsin(p + Ff) —c — e cos ¢ sin 7] tan 6, 
—[is?sinp+ifssin(p+ Ff) + 3/? sin(p + 2F)] cos p 
— [fis sin2p+ifssin(2p+ F)+4/? sin (2 p 4+ 2F)] tan? 4, 


2d Observation. 


[1 — fs cos F — 4f?(1 + cos’ F) | 


fy 4 i / 
tan s — tan 2 a ae) [1 + fs cos Fhe (1 + cos’ F’)] 
p=, —n, —H- [7 sin(z, — 3) + 1,] sec 3, 
+[—issinp+/fsin(p+ HF) —c—e cos ¢ sin 7,] tan 6, 
— [issin p—$fssin(p+ F)+4/?sin(p-+ 2F)] cos p 
— [i s?sin 2p— 3 fssin(2p+ F)+3/? sin (2p-+ 2F)] tan? 6, 


From the mean of the two observations, we have 


m’ — m 
tan s = tan R oe a [1 —3/? d + cos? F)] 
i t Mn? 4 Ty sin (r, — 8) + i] sec 8, 
+ [f sin (p +f’) — ¢ — 6 Cos ¢ sin %] tan 4, 
— i, s? sin 2p (1 + 2 tan’? 4) 


— if? [sin (p + 2f) cos p + sin (2 p+ 2F’) tan’ 6] | 


(312) 


The value of H, obtained from the difference of the two values 
of p, 1s 


i 


i — 


n . 
1 
— }ssin ptano, 


2 + ifs[sin(p-+ F’) cos p+ sin (2p + F) tan? 6] (313) 


But it will not usually be necessary to regard the divisor cos # in 
the formula for tan s, for it can differ sensibly from unity only in 
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those cases in which s is an extremely small quantity, and in 
these cases we may take H = 3(n,— 7). 

The method of observation with the heliometer, in which two 
corresponding observations in opposite positions of the semi- 
lenses are combined, may be regarded as fundamental and essen- 
tial. The same degree of accuracy which it affords cannot be 
attained by single observations, the reduction of which requires 
an accurate determination of the quantities a, a’, b, b’, k’—k; 
for, in addition to the uncertainty of such determinations for 
any given position of the instrument, it is not certain that the 
values of these quantities are really constant for all positions of 
the telescope with respect to the horizon. It is true that our 
formule still involve f and F, which depend upon a, a’, &c.; but 
a precise determination of these quantities is no longer necessary, 
since they enter only into the small terms of the formule. 
Moreover, by a proper method of observation, fand #’ may be 
dispensed with altogether, as I next proceed to show. 


275. Assuming that a complete observation always consists of 
two corresponding observations, as in the preceding article, 
there are yet three different methods of making such an obser- 
vation, each of which offers some advantage over the others. 
These I propose to consider separately. 

First Method of Observation.—Let the semi-lens which is to 
remain fixed during the observation be set so that its sight line 
shall be parallel to the heliometer axis. This will be effected by 
making m —a=yp— a, and at the same time n — k = vy — 4, or, 
in the most simple manner, by making m —a=p—a=0. 
We shall then have f = 0, and the formule (312) become 


/ / 
tans = tan fost 
2 cos H 
n n ; é 
Pp = varie a ie + [y gin (t == 2) ok i] sec Om (814) 


— (@ + € cos ¢ sin z,) tan 6, — 7/5 s* sin 2p (1 + 2 tan? 3,) 


This method recommends itself by the symmetry which it gives 
to the observations, as well as by the simplicity of their reduction 

Second Method.—In this method, we make the lines of motion 
of the objective and ocular parallel, or w = 0, and also make 
m—a; but the ocular is moved between the two okservations, 
being set for one observation so that ~—a—=4(m’ —a’), and 
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for the other so that ~—a—=i(m/— a’). We then have 
Jf =4s and F' = 180° for one observation, but = 0 for the - 
other. These changes must be made in the two sets of formule 
from which (812) were obtained; for in the combination expressed 
by (812) the ocular was supposed to have the same position in 
both observations. Here, however, we must put /’ — 180° in 
the first and #’= 0 in the second, at the same time substituting 
48s for f, and then make the combination: we thus obtain 


m —m)’ 
tan s = tan R ——_ 
2 cos H 


n+n : ; 
one ty Lp ein (z — 3) + 4] see 4, 
— (c+ € COs ¢ sin 7z,) tan 0, 


(315) 


p= 


In this method, the rays from the two stars make the same angle 
(= 4s) with the optical axis of each semi-lens; whereas in the 
first method the rays from one star make the angle s with this 
axis and those from the other star are parallel to the axis. The 
second method, therefore, offers the advantage of bringing both 
images at equal distances from the axis, thereby producing equal 
distinctness and accuracy of definition in them, and avoiding the 
defects of the lens, which appear more prominently as the rays 
fall more obliquely. The greater simplicity of the first method 
in the observation will, however, give it the preference so long 
as the distance to be measured is not so great as to carry one of 
the objects beyond the limits of distinct vision. 

Third Method.-This combines the advantage of the second 
method with the simplicity of the first. We place the ocular 
permanently in the heliometer axis, and make each observation 
with the semi-lenses at equal distances from that axis and on 
opposite sides of it. The chief objection to this method is that, 
since both lenses are moved, it becomes necessary to know the 
value of a revolution of the screws of both; but, as has been 
already remarked in Art. 273, it is expedient to devote all our 
attention to the investigation of the errors of but one screw. It 
may also be objected to this method that, when the distance to 
be measured is rapidly changing, time will be lost in effecting 
the requisite symmetrical arrangement of the observations. This 
objection, however, may be made with even greater force against 
the second method; but the first method is free from it. 

With any of these methods, if we wish to free the results from 
the effects of flexure of the declination axis and from the incli- 
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nation of this axis to the hour axis, without supposing 7, and 
c to be known, we take two complete observations (i.e. pairs of 
observations) in the two positions of the declination circle, pre- 
ceding and following; for we see by (314) and (315) that 7, and ¢ 
will vanish from the mean of these two observations. 

In Art. 263, we have seen that j,s?sin 2p (1 + 2 tan’ d,) is the 
correction to be added to the position angle at the middle point 
between the two stars to reduce it to the mean (= p,) of the 
position angles at the two stars: consequently, if we neglect this 
term in the first method of observation above given, the result- 
ing position angle will be at once the mean position angle p,, 
with which and the distance s we find the differences of decli- 
nation and right ascension of the stars, by Art. 264. The results 
are yet to be freed from the effect of refraction, by the methods 
hereafter to be given. 


276. I have thus far assumed that the contact of the images is 
always produced at a certain known point (0) of the plane of 
motion of the ocular. It will be well always to make the con- 
tacts at the middle point of the field, but the position of this 
point will usually be estimated only, unless it is indicated by a 
square formed of intersecting threads or some equivalent con- 
trivance, which, however, involves the necessity of illuminating 
the field or the threads. Let us inquire, therefore, to what 
extent an erroneous estimate of the position of the middle of 
the field will affect the observed measures. 

The quantities f and #, determined by (305), express the actual 
position of the middle of the field (0); but if the point of con- 
tact is a different point (0’), the values given by the formule 
require a correction. 

Let h denote the angular distance of 0’ from 0, and H the 
angle which 00’ makes with the observed are SS’, H and w being 
reckoned in the same direction. The quantities tan R. (u—a) sin w 
and tan &. (4 — a) cosw, which express the angular distances of 
the point o from SS’, and from a perpendicular to SS’ drawn 
through the heliometer axis, must be increased by Asin H and 
hceos H respectively. Consequently, fsin F and fcos F' will re- 
quire the corrections h sin H and — heos H: hence, if we suppose 
h to be so small that its square may be neglected, the effect upon 
tans will be, by (311), 


+ hs’ cos H + hsf (2 cos F' cos H — sin F'sin H) 


HELIOMETER. 423 
and the effect upon the position angle will be 


+ hsin(p — H)tano, + ths[sin (p — H) cos p + sin (2 p — H) tan? 6,] 
+ hf[sin (p + F — #) cos p + sin (2p + F — HA) tan? 5] 


Since f# will be but a few minutes in any case, it follows that the 
effect upon the distance will be usually inappreciable even for 
the greatest values of sand f. The first and principal term of 
the effect upon the position angle is proportional to the tangent 
of the declination; but it vanishes when sin (p — H) = 0, that 
is, when H = p, or H= p + 180°, or when the point at which 
the contact is made lies in the declination circle which passes 
through the centre of the field. When the telescope follows the 
diurnal motion accurately, and a contact has once been made in 
the centre of the field, the subsequent observations will all be 
very near this point. The greater the declination, the more 
careful must we be to make the contacts near the declination 
circle of the centre of the field; but it is evident from the pre- 
ceding discussion that we shall probably always be able to effect 
this with sufficient accuracy by estimating the position of this 
centre, without resorting to the use of illuminated threads. 


DETERMINATION OF THE CONSTANTS OF THE HELIOMETER. 


277. To find a, a’, a.—Direct the telescope to any fixed point, 
and, having brought the centre of the semi-lens I. nearly into the 
heliometer axis (by estimation), revolve the lens 180° about the 
axis. If the image of the point appears still in the same point 
of the field of view, the reading m of the micrometer is then 
evidently =a. If the image has moved, we have only to move 
the semi-lens by its micrometer screw until the image has been 
carried to the middle point between its first and second positions, 
and, if this middle point has been correctly estimated, the semi- 
revolution will no longer affect the apparent position of the 
image. By repeating this process, we shall very quickly find 
the exact position of the semi-lens when its centre is at the 
minimum distance from the heliometer axis, for which m= a. 
In the same manner, a’ will be found for the semi-lens II. ; and, 
by a similar process, revolving the ocular 180°, « will be found. 


278. To find k'—k, b’— b.—These quantities produce the 
greater influence upon the readings of the position circle, the 
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smaller the distance between two points whose images are 
brought into coincidence. They will, therefore, be most accu- 
rately determined by complete observations (Art. 275) of the dis- 
tance and position angle of the components of a double star. 
Since s is in this case extremely small, we shall have H=4(n,—n), 
and, neglecting the insensible terms in (307), the single observa- 
tions will give 


s sin} (n, — n) = R[(m — a) (k—k’) + '— 8] 
s cose (n, — n) = F [m'’— a —m-+ a] 


and (since in the second observation we put 180° — # for #) 


s sin }(n, —n) = Rk [(m— a) (kK —#’) 4+ — 5] 
s cost (n, —n) = R[m—a—m!/4+a’] 


from the combination of which we derive 


(m — a) (k — kh’) +  —b=4(m'— mJ) tani(n, —n) (16) 


in which the second member and also the coefficient of k — k’ are 
known from the observation. By setting the semi-lens I. at various 
readings m, and making the contacts by moving the semi-lens 
II., we shall thus for each complete observation have an equa- 
tion of condition of the form (316); and since the coefficients of 
k — k’ in these equations may be made to have very different 
values, the combination by the method of least squares will give 
a very accurate determination of both k — k’ and b/ — 0b. 

We may here observe that it is not necessary, nor is it advan- 
tageous, to bring the images of the stars into coincidence. It 
will be better to bring the image of one of the components 
formed by one semi-lens to the middle point between the two 
images of the two components formed by the other semi-lens. 
Thus, if a and 6 are the images of the two components formed 
by the semi-lens I., a’ and 6’ those formed by the semi-lens IL, 
in the first observation the images will stand thus: 


ONE M a Ie 
aK, RS 


and in the second observation thus: 


ie OH Uy GY 
Kg cky 
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As the components are supposed very close together, the bisec- 
tion of their distance will be more accurately estimated than a 
coincidence of superposed images. This method of observation 
is always advisable when the distance to be measured is but a 
few seconds. 

I should have remarked before that the quantity k — k’ is the 
difference of the index errors of the position circle for the two 
semi-lenses, since from the values of k and k’ (291) and (294) 
we have 


Hie 2S id 
k—K=n,— 1, 


279. To find the index error (n,') of the position circle.-—This is the 
index error for the semi-lens I., with which we suppose all our 
observations to be made. Let the semi-lenses be separated to 
any assumed distance (by setting m — a and m’— a’ to different 
readings), direct the telescope upon a fixed point, and revolve 
the objective until a motion of the telescope upon the hour axis 
(the declination circle being clamped) causes the two images of 
the fixed point to come successively into the sight line, that is, 
into the centre of the field of the ocular. The position angle of 
the line joining the two images is then nearly + 90°; but it will 
vary with the distance by which the semi-lenses are separated. 

If the hour circle is clamped and the objective is revolved 
until a motion of the telescope, upon the declination axis only, 
causes the images to come successively into the centre of the 
field, the position angle of the images will be nearly 0° or 180°, 
but will also vary with the distance of the centres of the semi- 
lenses. The relation between the reading (n) of the position 
circle and the distance of the lenses will be investigated for 
each of these methods. 

In either method, I shall suppose that the sight line of the 
semi-léns I. is made to coincide with the heliometer axis, which 
will be effected by setting the micrometers so that m—a—0 
and 4 — oa = 0, 

Ist. When the telescope is revolved upon the hour axis.—It is ob- 
viously unnecessary to consider the position of the instrument 
with respect to the pole of the heavens, and we may therefore 
express the position of the heliometer axis by formule which 
give the instrumental hour angle and declination of the axis. In 
order to show the effect of flexure, let us return to the general 
formule (258), which, by omitting the terms ycos(z — #) and 
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7 sin (t -— #) tan d, will express the declination 0, and hour angle 
c, of the heliometer axis referred to the pole of the instrument. 
Putting D for d+ ad and 7 fort + at, and 7,= i — esin g, we 
shall put 

5, = D —e (sin g cos D — cos ¢ sin D cos T) =D+abD 
7,=T + csec D—i, tan D+ ecosgcos 7’ +e cosgsec Dsin T=T+ aT 


in which ¢g will now denote the latitude of the instrument. The 
equations (293), under the form given to them in Art. 272, will 
now become 


rsind—sin D+ vcos D+ rcosdcos(7—r).AD 
r cos cos (7'—r) =cos D— vsin D-—rsind.aAD+rcosdsin( 7’—r).aT 
rcos dsin (7 —r) =u —r cosd cos (7 —1).aT 
(317) 
in which 6 and 7 are the declination and hour angle of the fixed 
point. 

In the revolution about the hour axis, D remains constant. 
Tf the preceding equations are assumed for the case in which the 
image produced by the semi-lens I. is in the sight line, and we 
distinguish by accents those quantities which vary when the 
second image is brought into the sight line, we shall have, since 
O is fixed, 


: Le 
sin 6 = —sin D + ~ cos D + cos 6 cos(T — 1). AD 
r r 
meee ~ cos D + cos 6 cos (7”’— r).aD’ 
r r 


as the expression of the condition that the two images of the 
same point are successively brought into the sight line. But, as 
we may neglect the products of the small quantities ¢, i, ¢, e, by 
the squares and products of w, v, u’, v’!, we can in the last terms 
put cos (Z7’— rt) = cos(7’ — r) = 1, and then give the equation 
the form 

ea ©) eos D =(= = “)sin D+ cos 6(aD — aD’) 


1 Ne : 
=(<— — <,) sin D+ ¢¢0s g sin D cos 6 (cos T’— cos T"’) 


From the second and third equations of (317) we have, with the 
degree of approximation here required, 


cos 6 cos T’ — cos D cos r — v sin D cos tr — u sine 
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and, therefore, also 
cos 6 cos 7” = cos D cos r — v' sin D cos tr — uw’ sinc 


by means of which our equation becomes 


=; ~ - =( - _ 5 JtanD-+e cosg tan D[(v'—v)sin D cos t+-(u’—u) sint] 
The mode of observation above proposed, by which we have 
m — a= 0 and » — a = 0, leads to a simplification of this equa- 
tion; for these conditions give also f = 0, and consequently, by 
(306), u=v=—0,andr=7/(1+ w+ vv) =1. We have also, 
by (808), under the same conditions, 


vu’ = 2 tan} Ssin (n — k’'+ EF) 
- v’ = 2 tan?S cos (n — ik’ 4+ EF) 


and, consequently, 
rm=1+ iw +v') =1+4 2 tan?38 


Substituting these values, and neglecting terms of the order ot 
etan’?3 8, we deduce 


cos (n —k’+- EH) =tan 3 Stan D+ecos g tan D[sin Dcostcos(n —k’+ EF) 
+ sinzsin(n —k’+ E)] 


trom which it follows that cos (n — k’+ £) is of the same order 
as tan3S, and n — k’+ His nearly = + 90°. We may, there- 
fore, in the last term, put cos(n — k’-+ EH) = 0 and sin (n — k’ 
+ H) = + 1, and write the equation in the following form: 


sin [90° = (n—k’+ H)]= tan} Stan D+ecos¢tan Dsinr (318) 


We shall here have to distinguish between the cases in which 
n — k’ is nearly = 90° or nearly = — 90°. The angle His nearly 
= 0 or nearly equal 180°, according as m’— a’ is positive or 
negative in (307). When n— k’ is nearly = + 90° and # is 
nearly = 0, we have n — k’+ # nearly = + 90°, and the upper 
sign in the second member must be used. Under the same 
conditions, the upper sign in the first member makes 90° — 
(n — k’+ EF) nearly = 0, and the angle may be put for its sine. 
When n—/k’ is nearly =-+ 90° and # is nearly = 180°, the 
lower signs must be used. Hence, if we write sin # for # or 
for 180° — E, we shall have, when n — k’ is nearly = -+ 90°, 


+= (n — kh — 90°) — sin H= tan} Stan D+ecos¢ tan Dsinr (818) 


428 MICROMETRIC OBSERVATIONS. 


and similarly, when n — X’ is nearly = — 90°, 
+(n—k’ + 90°) + sin H= tan } Stan D= e cosg tan Dsin rt (3186) 


The value of k’, according to (294) and (290), when we refer A to 
the pole of the instrument, is 


F ere: : 
k’ =n,’ — i, sec 6, + ¢ tan 0, + ¢€ cos ¢ tan 6, sin 7, 


where the last term is equivalent to the last term of (318). If, 
therefore, we neglect this term in (818), the value of k’, which 
the equations then determine, will be 


— I ; 
=, — 7%, sec 0. -- ¢ tan 0, 


If we suppose k’ — k and 6’ — 6 to be known, we shall know 
£ from (807), and a single observation will determine k’ by (318). 
But it will be preferable always to combine two corresponding 
observations in which m’— a’ —m-+ aandm,’— a’— m-+ a are 
numerically equal but have opposite signs; then, n and n, being 
the readings of the position circle in the two observations, we 
shall have from their mean 


- n, — 7, sec 6, + ec tan 6, = 1(n, +n) = 90° (319) 


If we set the micrometer at various readings in making these 
pairs of observations, and assume that the weight of the resulting 
determinations is proportional to $(m,’— m’), and if we denote 
the several values of $(m,’— m’) by M, M’, M", &e., and of 
£(n, + 2) = 90° by NV, VV’, VV’, &c., we shall have the final mean 
by the formula (see Appendix, Method of Least Squares) 


_ MN +M'N'+ MN" + &. 


WW) M le 
+ M'+ M" + &e. 


and then 
n, — 1, sec 6, + ¢ tan 6, = (NV) 


To eliminate the terms involving 7, and ¢, we take observations 
in the two opposite positions of the declination axis,—cirele pre- 
ceding and circle following,—and if (V) and (V’) are the general 
means found in the two positions, we shall have 


my = 314) + W)] (820) 
We see that the index error will be found independently of all 
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other quantities, by taking the mean of the readings in four 
observations, two in each position of the declination axis. 

2d. When the telescope is revolved upon the declination axis.—In 
this case 7’ is constant and D varies. The condition that the 
two images are successively brought into the centre of the field 
will be expressed by equating the two values of cos dé sin (Z'— r) 
given by the last equation of (317). Putting cos(77— +r) =1in 
the last term of this equation, we find 


a 
Feo ork ee cose AT” 
r ie 


or, by the same method of observation as we employed above, 
making f = 0, and, consequently, also u =v = 0, andr = 1, 


u'= 1 cos 6 (AT’ — aT) 

= 1’ cos 6 [i, (tan D — tan D’)—(c + e cos g sin T) (sec D— sec D’)] 
which, with the same degree of approximation as was observed 
above, may be reduced to 


u' = r'v' [i, sec 6 — (¢ + e cos ¢ sin T) tan 6] 
Substituting tan (n — k’ + £E’ for “ and 7’= 1 (which involves 
only errors of the order of tan?4S multiplied by 7%, ¢, e), we 
have 

tan (n — k’ + H) =i, sec 6 — (c + e cos g sin 7’) tan 6 
Hence n — k’+ Fis very small or very nearly = 180°. When 
n — k/ is nearly = 0, we shall have, for the two cases of £, 


n—k' +sin H = i,secd—(c+ecos¢gsin 7) tanéd (821a) 
and,-when  — k’ is nearly = 180°, 
n —k' = sinH =i, secd—(c+ecos¢gsinT7) tanéd (8216) 


If we omit all the terms in the second member, the value of k’ 
which these equations determine will be that of 7,’ itself. If, 
then, two observations are taken in which m’— a’ — m + a and 
m,—a'—m-+aare numerically equal but have opposite signs, 
and if nand n, are the two readings of the position circle, we shall 
have 


Ny = 3 (n, Se n) 
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Regarding the weights of the several determinations thus made 
as proportional to the values of 3 (m,/ — m’), a general mean (JV) 
will be found as above, and then we shall have ,’ = (J). 


280. From the preceding article it appears that by revolving 
the telescope upon the declination axis the index error of the 
position circle is found independently of all other quantities, 
and without reversing the declination axis. We should expect, 
therefore, that when this raethod is followed in both positions of 
that axis—that is, both with circle preceding and with circle 
following—the same value of 7,’ will be obtained. Bessex 
found, however, that this was by no means the case with the 
Konigsberg heliometer ; for the difference of the resulting values 
was sometimes as great as 4’, which is too great a difference to 
be ascribed wholly to errors of observation. He explains the 
discrepancy by supposing the telescope to have a tendency to 
revolve (so far as the elasticity of its materials will permit) 
about the point at which it is secured to the declination axis; a 
revolution which has the same effect upon the position angles as 
a revolution of the tube about the heliometer axis, and which is 
clearly to be distinguished from a flexure of the declination 
axis. Supposing the amount of the revolution to be proportional 
to the force which tends to produce it, the law which it follows 
in all positions of the instrument is easily assigned; for this 
force is merely that part of the weight of the telescope which 
acts at right angles to a plane passing through the declination 
axis and the heliometer axis, and is, consequently, proportional 
to the cosine of the zenith distance of the potnt of the heavens 
towards which the perpendicular to this plane is directed. The 
hour angle of this point is the same as that of the heliometer 
axis — 7,, and its declination differs 90° from that of the helio- 
meter axis = 90° + 0,. Denoting the zenith distance of the 
point by ¢, we shall have 


cos ¢ = sin ¢ cos 6, — cos ¢ sin 4, cos z, 
and the amount of revolution will be expressed by qy cos ¢, in 


which y is its maximum. The observed position angles must be 
corrected by adding this quantity, or 


¥ (sin g cos 6, — cos ¢ sin 6, cos 7,) (322) 


HELIOMETER. 431 


which term must, therefore, be annexed to the formule for p in 
(314) and (815).* 


281. To find the index error (x) of the position cirele of the ocular.— 
Set the semi-lens II. at any assumed distance = m’— a’ from 
the heliometer axis, and the ocular at an equal distance = p — a 
from that axis. Revolve the ocular about its axis until the image 
of a fixed point is seen in the centre of the field. Let n and » 
be the readings of the position circles of the objective and ocular. 
Without moving the telescope or changing n, repeat the obser- 
vation with the distance — (m’ — a’) = — (# — a), and let »’ be 
the new reading of the position circle of the ocular. Then, 
n—n,' being the true direction of the line of motion of the 
semi-lens II., we have x — $(y + »’) —(n — n,'). It will be well 
to adjust the index of this circle so that its readings will agree 
with those of the position circle of the objective. 

For the fixed point in the preceding methods of determining 
the index error of the position circles, it will be expedient to 
employ the intersection of a cross thread in the focus of an 
auxiliary telescope, mounted in the observing room, with its 
objective turned towards the heliometer; the two threads of the 
cross making an angle of 45° with a declination circle. 


282. To find the distance (P) of the line of motion of the ocular from 


from the axis, and bring the image of a fixed point into the centre 
of the field. Keeping the telescope fixed, set the ocular at a 
reading yp’ such that yp’ — a = — (#— a), and revolve it until 
the image is again seen in the centre of the field. Let » and »’ 
be the ees of its position circle in yee two positions; then 
we evidently have 


+ fee 


tan 3 (180° — » 4 v) (328) 


It will be easy to adjust the ocular, by means of the proper 
adjusting screws, so that its line of motion passes through the 
heliometer axis, and thus make 8 = 0. A small error in this 
adjustment will have no sensible effect upon the observations, as 
our formule show. 


* See Brssux’s Astron. Untersuch., Vol. I. pp. 45, 72. In the latter place he finds 
for the Konigsberg heliometer (which he there denotes by «) = 1’.914. 
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283. Finally, the value of a revolution of the micrometer 
screw (= R) is to be determined with the utmost precision. Of 
the methods given in Chapter II. for the filar micrometer, we 
may regard the following as the most suitable for the heliometer: 

ist. By the measurement of the focal length of the lens and 
of the distance between two successive threads of the micrometer 
screw. 

2d. By the Gaussian process, or the observation of a thread in 
the focus of the lens with a theodolite. 

3d. By the measurement of a distance otherwise known, as, 
for example, the distance of two stars in the group Pleiades de- 
termined by meridian observations. 

By the third method, however, we cannot expect to reach the 
degree of accuracy which is necessary to give the heliometer all 
the advantage which it should possess as a micrometer. 'This 
objection is obviated in a degree by measuring the successive 
distances between a number of stars which are nearly in the 
same great circle, and, having reduced these distances to the 
great circle joining the extreme stars, comparing the total reduced 
distance with the distance of the extreme stars as determined by 
meridian observations. 

Besse1, after a careful trial of all these methods with the 
Konigsberg heliometer, gave the preference to the first. I must 
refer the reader to his elaborate researches upon this instrument 
(already referred to) for his very precise method of determining 
the focal length of the lens. These researches include also some 
optical investigations of great elegance and importance. 


OBSERVATIONS UPON THE CUSPS OF THE SUN IN A SOLAR ECLIPSE. 


284. In the general discussion of eclipses in Vol. I., I omitted 
to speak of the use that may be made of these observations in 
determining the corrections of the elements of the eclipse. The 
omission may be appropriately supplied here 


ey is in connection with the heliometer, with which 
i\ the observations are most accurately made. 
Let M and S (Fig. 60) be the apparent places 
/ of the centres of the moon and sun, CO’ the 
O 


common chord of the intersecting discs. The 
observation consists in measuring the distance of the cusps C, C’, 
and the position angle of CC’ with reference to the circle of 
declination drawn to its middle point. This distance, as well as 
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the position angle, will be affected by refraction, the correction 
for which will be investigated hereafter. Let s and p here denote 
the distance and position angle deduced from the observation by 
the formule above given for the heliometer, and also corrected 
for refraction. . 

The local time of each measure must be accurately known. 
For this time, let the parallaxes of the two bodies in right ascen- 
sion and declination be computed (by Vol. I. Art. 98), and let a 
and a’ denote the resulting apparent right ascensions of the 
moon and sun respective 6 0 and 0’ their apparent declinations. 
Let o denote the apparent distance of the centres = SM, and z 
the position angle of SM with reference to a circle of declination 
drawn through its middle point, reckoning this angle from the 
moon towards the sun. We have, with sufficient accuracy, 


6 sin x = (a/ — a) cos} (0+ 0) (324) 
o COS z == 0’— 0 


which determine o and z. 

For the same time, the apparent semidiameters of the moon 
and sun, which we shall denote by S and S’ respectively, will 
be computed by Vol. I. Art. 181. We then have given the 
three sides of the triangle SCW, and, denoting the angles at M 
and S by wand py’, we may find these angles by the usual formule 
of plane trigonometry, or by the following formule, which in 
the present case are somewhat more convenient: 


(S+S8)S8—S)_, 


4 (8 cos » — S' cos yp’) = ae 


48 cos » + S’ cos p’) = 16 \ 
(825) 


With either of these angles and the value of Sor S’, we can 
compute the value of CC’. Let this computed value of CC’ be 
denoted by s’; we have 


s' = 28 sin = 2,8’ sin pl (326) 


The difference between this computed value and the observed 
‘Value s will determine the corrections which the elements of the 
eclipse require in order to satisfy the observation. Puts = s’ 
+ ds’. Differentiating (326), we find 


ds’ = 2S cosp dp + 2 sin y.dS 
Vou. II.—28 
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and from the formula 


2Socos p= o? + S?— 8” 
we find 


— So sin »p dy = (« — S cos p) do + (S—o cos p) dS — 8'dS' 


whence, with the aid of the known relations between the parts 
of the plane triangle, we readily find 
28 Ls 28 2S cos p 


dS’ — ——_——_ da =s—38' 
o tan p! o tan p o tanyp 


But, since do varies with z, we must replace it by corrections 
which will have the same value in all the equations of condition 
thus formed. By putting 


o sin z = (a’— a) cos¢(0' + 6) = 2 
6 COS t= 0’—O ey 


we shall find 
do = dx.sinz + dy.cosz 
in which 
dx = cos }(6' + 0).d(a’ — e) 
dy = d(6'— 6) 


and we may regard d(a’ — a) and d(0’ — 0), and, consequently, 
also dx and dy, as constant for the duration of the eclipse. We 
then have 


28 28’ 2S cosp . 2S cos p 
—— dS ——— d 8! — sin dp = COR ey 
« tan p! otan ps o tan p! o tan p’ 


(827) 


This will be the final form of our equations of condition if the 
distance s is fully corrected for the instrumental errors. If, how- 
ever, the zero of the micrometer is uncertain, we should make 
observations on opposite sides of the zero, (with the heliometer, 
by placing the movable semi-lens alternately in opposite positions 
with respect to the stationary one,) and if ¢ is the unknown error 
of the micrometer zero, we must write s + ¢ for s in the above 
equation, taking s + ¢ for one series of observations and s — ¢ 
for the other. The resolution of all the equations of condition 
by the method of least squares will then determine dS, dS’, dz, 
dy, and c. 
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It will usually, however, be inexpedient to retain dS’, as its 
coefficient will differ very little from that of dS. The value ot 
the sun’s semidiameter is now so well determined that in dis- 
cussions of this kind it will be quite allowable to put dS’ = 0. 

We may also form equations of condition from the position 
angles. The angle z is formed by SM and a circle of declina- 
tion drawn to the middle point of SM, while p is formed at the 
point D. Denoting the middle point of SM by H, we have DE 
=460—S’' cos p' = 4(S cosy — S’ cosp’) = A; and we can now 
compute the position angle of CC’ at the point D from the 
known parts of the triangle formed by the points D, E, and the 
pole. Let p’ denote this computed value; we readily find 


p' =z — 90° + A sin x tan } (0’+ 0) (328) 


Putting the observed value p = p’ + dp’, we have, by neglecting 
the insensible variations of the last term of (328), dp’ = dz, and, 
consequently, 

cos z dx sin z dy 


—= , 6 
o sin 1’ o sin 1’ =e oe 
where dz, dy, and o are expressed in seconds and dp’ in minutes. 
From all the equations thus formed, we can find dx and dy; or 
we can combine all the equations of the forms (327) and (329) in 
‘a single discussion. We see that the corrections of the semi- 
diameters cannot be determined from the position angles alone. 
When the observations are made with the heliometer, each 
must be a single observation, for the chord s changes so rapidly 
that we cannot combine two opposite observations, as has been 
supposed in Art. 275. We must, therefore, reduce each obser- 
vation by the general formula (311), in which, however, we may 
make f = 0, by making all the contacts in the heliometer axis 
or middle of the field. The angle / in these formule must then 
be known; but if it has not been determined with certainty, we 
may introduce it into our equations of condition as an additional 
unknown quantity. For one series of observations, we must 
write p + E# in the place of p in (329), and for the other series, 
in opposite positions of the semi-lenses, we must write p — Hin 
the place of #. But, as # varies ey with the distance s, 
it will be necessary to put 


s.sin 1’ 
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in which 7 is a constant which will be expressed in seconds, 
since s is in seconds and Hin minutes. The equation (329) may 
then be put under the form* 


§ cos dx — ~ sinz dy = 7 = ssin (7 —v’) (329*) 
c Oo 


For some observations of the cusps of the solar eclipse of July 
28, 1851, made with the heliometer of the Ko6nigsberg Observa- 
tory and reduced by the preceding method by the Director 
Wicumann, see Astron. Nach., Vol. XX XIII. p. 309. 


THE RING MICROMETER. 

285. This is simply a thin metallic ring, exactly circular, 
placed in the focus of the objective, with its plane at right angles 
to the optical axis. From the times of transit of two stars across 
its edge, the telescope remaining fixed throughout the observa- 
tion, we can find both the ditterence of right ascension and the 
difference of declination of the stars. Although inferior in 
accuracy to the filar micrometer and the heliometer, it possesses 
the advantage over the former of not requiring illumination, and 
over both in not requiring an equatorial mounting of the telescope. 

Let ABB’A’ represent the inner edge of the ring. Denote by 

/, and t, the observed sidereal times of ingress 
B and egress of a star at the pointsA and B; by 
Ge w +4 and 4! the same for a star observed at 
<< nl A’and B’. Upon the supposition that the 
V 4A paths of the stars across the field are recti- 
linear, the straight line CIM’, drawn from 
the centre Cof the ring perpendicular to the 
chords AB and A’B’, will coincide with the 
ceclination circle of the point C. The time 
of the transit of the first star over this circle is the arithmetical 
mean of the times /, and ¢,= 4(¢,+ ¢,); that of the transit of the 
second star over the same circle is 4(t,/ + ¢,’); and, hence, if a and 
a’ are the right ascensions of the stars, we have 


eo —a—4(¢t/4+ t/)—1aq4+ t,) (330) 


Fig. 61. 


* By (807), we perceive that y is here the value of the quantity (m — a) (k — k’) 
+ 5'-— 6 expressed in seconds; and by putting its value found from the discussion 
of the equations (829) in the second member of (316), and also the true value of 


m — a found from the value of ¢ by (827), we shall have an equation for determining 
k — k' and 0’— 8. 
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Let r denote the radius of the ring expressed in seconds of 
are, 0 and 0’ the declinations of the stars, and put 


tg =o eet A e==t/-=t! 
y= BOM y= BOM’ 
(tha AKC im 
ee. fre BM 
then we have ° 
p= res 3 p= So coe 2 
/ 
sin y = ss Sitiy <== on oe) 
r r 
d—r cosy d'’=r cosy 


and hence the difference of declination af the stars: 
’—d=d'—d (332) 


The signs of cos 7 and cos 7’ are not determined by the second 
equations of (331); consequently, either sign may be used in 
computing d ord’. To remove the ambiguity, it is necessary 
that the observer note the positions of the stars with respect to 
the centre of the ring: then d or d’ will be positive when the star 
passes north and negative when south of the centre. 


Exampte.*—On the 11th of April, 1848, at the Observatory of 
Bilk, the planet Flora and a neighboring star were compared by 
a ring micrometer of a six feet refractor. The observed sidereal 
times were as follows: 


Flora (N. of centre). Star (N. of centre), 

tp EG 352.0) a= LI 17 53".0 
tf] == lio t= 11 19) 46.5 
(giles 50.5 a 1 53.5 


The approximate declination of Flora was 0’= + 24° 5’.4. The 
apparent place of the star was 


—— 6" 4” 51* 93 
One ee ecal hs 9.01 


The radius of the ring was r = 1126’7.25; and hence 


* Brunnow’s Sphirische Astronomie, p. 546. 
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log 7 1.703829 log t 2.05500 
log cos 6’ 9.96043 log cos 6 9.96067 
log p’ 2.53878 log » 2.89073 
log sin 7 9.48715 log siny 9.83910 
log cos 7’ 9.97850 log cosy 9.85940 
log d’ 3.03018 log d 2.91103 
C= el OG) d = + 13’ 34”8 


The planet and star being both observed on the north side of the 
centre of the field, d’ and d are both positive, and hence 


== OSs 0) = G = + 4’ Wiel 


For the times of transit over the declination circle of the middle 
of the field, we have 


Flora, 4 (¢/ + ¢/)= 11° 17 = 0°.25 
Star, 1@, +#,)=11 18 49.75 
C=osS— iI 429 a0 


Hence we have for the planet 


co. 6* 3" 2°43 
6’ = + 24° 5! 26.1 


which values express the planet’s apparent place at the time of its 
passage over the declination circle of the middle of the field, that 
is, at the sidereal time 11* 17” 0°.25. But the effect of refraction 
has not yet been allowed for. See Art. 300. 


286. Correction for curvature.—The correction which the pre- 
ceding method requires, in consequence of the curvature of the 
paths of the stars, may be found as follows. In the spherical 
triangle of which the three angular points are the pole, the centre 
of the ring, and the point where the star enters or leaves the ring, 
we have 


sin 6 = sin D cosr + cos D sinr cos y 


where D is the declination of the centre of the ring. For the 
second star, we have 


sin 6’= sin D cosr + cos D sin r cos /’ 


and the difference of these equations gives 


2 sin 2 (6’ — 4) cos 3 (6’ + 5) = (sin r cos 7’ — sin r cosy) cos D 
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or, very nearly, 


(6’ — 6) cos 4 (6’ + 6) =(r cos 7’ — r cos y) cos D 
= (d' — d)cos D 


in which d’ — d is the approximate difference found by the pre 
ceding article. But we have, very nearly, 


Da D= 6'—d' 
the mean of which is 
D=3$0'48)—4a'+@) 
and we may, therefore, put 
cos D = cos 3 (6’+ 6)+ 4(@'+ d) sin 1’ sin 3 (6' + 0) 
so that we obtain 
8’ 6 = d'—d +1(@'+ d) (d'—@) sin 1" tan $(6’ + 0) (838) 


Hence, the correction of the difference of declination found upon 
the supposition that the path of the star is rectilinear, is 


+ 3(d’+ d) (d’— d) sin 1” tan 4 (0’ + 9) 


The correction disappears when d’ and d are numerically equal, 
that is, when the stars are observed at equal distances from the 
centre of the ring. 

In the example of the preceding article, this correction 
amounts to + 0/’.52, and the corrected difference of declination is 


6) —_ 6 = 4. 4'17".62 


287. If the outer edge of the ring is also an exact circle, it may 
be used in the same manner as the inner edge. Let the four 
transits of a star over the edges of both rings be observed at the 
times ¢,, t,, t, 4,; then, if ris the radius of the outer ring, 7, that 
of the inner ring, we put 


p= ae (t, me t) cos 6 i 1p (t, = i) cos 6 


; ee : 3 
i — sin y, = - 
iP ry 


so that with the outer ring we find 


@=TPr Cos 7 
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and with the inner ring, 
d=r7r, cos 7; 

and the mean of these values will be taken as the true value of 
d. In the same manner d’ for the second star will be found, 
after which 0’ — 6 = d’ — d. 

But when the four observations have been obtained, the pro- 
cess of reduction may be slightly abridged, as follows :* 

The sum and difference of the values of d? give 

P= 3+ re —w st 4] 


2 Ze ae 2 
? — f= L—#h, 


Putting 
ee hes we 
Z (334) 
ries ames a sin B= 
2a 2a 
we find 
oe 2 
r—r, et = 2a sin A in B 
2a 
rt r= 2a7(1 + sin’ A sin’ B) 
w+ p,? = 2a? (sin? A + sin? B) 
which, substituted in the above value of d’, give 
d? = a’ cos? A cos’ B 
er 
=a cos A cos B (835) 


so that, A and B being found by (334), d is found by (335). The 
formulz (334) for determining A and B may also be written as 
follows: 
15 («+ 7,) cos 6 nee 15 (tc — 1,) cos d 

4a 4a 


sin A —= 


tn which c = ¢, — 4, and r,= ¢,— 4, 


Exampie.—On the 24th of June, 1850, at the Observatory of 
Bilk, PETERSEN’S comet and a star were observed with a double- 
ring micrometer, as follows: 


Comet (N. of centre). Star (S. of centre). 
tS) 1554", t, 18? 187 bo8s 
tf 16 20 t, 19 18. 
te Lie ts 21 20.5 
i 17 48 t, 21 387.5 


S$ ee 


* Brunnow’s Sphirische Astronomie, p. 549. 
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The approximate declination of the comet was 6/= + 59° 20’, 
and the apparent place of the star was 
a = 14? 58” 80°.75 6 = + 99° 7’ 12.19 
The radii of the rings were— 


Outer. 7p 11 1"-21".09 
Inner 7,— 9 26°.29 


whence a=10 28 .69 
Then we find: 
Comet. Star. 
ct 1” 648.6 c 2" 422% 
te hae Teen sieo) 
log (7/-+ 1,') 2.24304 log(t +7) 2.46195 
log (7 —1') 1.72428 log (t — 7) 1.54033 
15 cos 0’ 15 cos dé 
log 1 7.48667 log ae 7.48938 
log sin A’ 972971 log sin A 9.95133 
log sin B’ 9.21095 log sin B 9.02971 
log cos A’ 9.92623 log cos A 9.65137 
log cos B’ 9.99419 log cos B 9.99750 
log d’ 2.71539 log d 2.44884 
d'=-+ 8' 39" .27 d= — 4! 37" 87 


d'—d = + 138’ 17".14 
and for the difference of right ascension, 


a’ — a == — 8” 252.83 


288. To find the correction for the proper motion of one of the objects. 
—The most common application of the ring micrometer is to the 
determination of the difference of right ascensions and declina- 
tions of a star, and a planet, or comet. But since a planet (or 
comet) changes both its right ascension and declination during 
the time of an observation, its path will not 
be at right angles to the declination circle 
drawn through the centre of the ring: so 
that the differences found by the preceding 
methods will require a correction. 

Let Ad, Fig. 62, be the path of the planet, 
across the ring; Cm the declination circle 
through C, the centre of the ring. Draw 
4B perpendicular to Cm, Cn perpendicular 
to Ab, bp perpendicular to AB. Put 
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Aa’ = the increase of the planet’s right ascension 
in one sidereal second, 
Ad’ = the increase of the declination in one sid. 
second, 
t/,t,/ — the sid. times of ingress and egress of the 
planet at A and 6, 

ce =t/—t,, 

x = the correction of the mean of t,/ and t,’, or 
of the right ascension of the planet found 
by the preceding methods, 

1(¢/ + t,/) + « = the sid. time of the planet’s transit at m, 

8 = the angle BAb = mCn. 


The are bp may be regarded as a portion of the declination circle 
drawn through b. The angle at the pole included by this circle 
and the declination circle of A is the hour angle described by the 
planet in the time c’, which hour angle is c’— tr’. aa’ = 7! (1— aa’). 
Hence we have, very nearly, 

Ap = 157’ (1 — da’) cos 
We have, also, 

bp == Tt AO. 
whence 

Ad’ 


an 2 = ———— 
p 15 cos 6’ (1 — Aa’) 


or, since the squares of ad’ and aa’ or their product may be 


neglected, 
Ad’ 


tan _—— 
‘ 15 cos 0’ 


The correction zx is the time in which the planet describes the 
line nm, and this time is found by the proportion 


c'$a == Abinm = Ab: Cntan B 
for which we can take 
73% == 157’ cos. 0’ 3a" tan 6 
whence, substituting the value of tan £, 
Gh INO! 

e —— —— 

(15 cos 6’)? 
Since Ab = Ap sec f, and sec # differs from unity only by 


(336) 


terms involving (ad’)?, we may take Ab = Ap, and hence 


if i? 
dn Ap eee cos 0 


(1 —_ Aa’) iil ad —- Aa’) 
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so that to compute d’ =Cn in this case we have 
sin = mil — Aa’) d' ==7 cosy (337) 


that is, the computation by the preceding methods will give the 
value of d’, corrected for the proper motion, if we employ 
pe’ (1— aa’) instead of py’. In the method of Article 287, with a 
double-ring micrometer, the logarithm of 1 — aa’ may be added 
15 cos 0”. 

4a 


Exampie.—In the example of the preceding article the comet’s 
motion in one mean day was, in right ascension — 5” 0°, and in 
declination — 1°17’; and therefore, since one mean day contains 
86636 sidereal seconds, * 


to the logarithm of 


300° 
—— log (1 — Aa’) = 0.00150 
: 86636 g ( 
aati log ad’ = n8.72694 
86636 
Hence, in the computation of d’ we have 
oe eal) ASSIT 


4a 
log sin A’ 9.73121 


log sin B’ 9.21245 
log cos A’ 9.92568 
log cos B’ 9.99415 
log d’ 2.71475 
d'— + 8 38/50 
* The logarithm of 1 — Aa’ may be found at once from the change of right ascen- 
sion in 48 hours, as follows. Let this change be expressed in minutes of arc, and 
denoted by (Aa’), then we have 


(Aa) 60 ___ (Aa’) 


Aa’ = 
” =~ 75 <2 XX 86636 43318 


But if I is the modulus of common logarithms, we have from the development of 
log (1 — Ao’) in series, by neglecting the second and higher powers of Ao’, 


0.43429 (Aa’) 
— pee) A Of ee NS 
log (1 — Aa’) M &a 43318 


or, very nearly, 
log (1 — Aa’) = — 0.00001 (Aa’) 


Hence, to correct for the proper motion in the computation of d, subtract from the 
logarithm of y’ as many units of the 5th decimal place as there are minutes of arc in 
the 48 hour increase of right ascension. 
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and, therefore, 
d) d= -& 18016737 
By (836) we find 
- ( ) LSS Sy 0:.47 
whence 
a =o == — 3826730 
The correction of d’ — d for the curvature of the path is, in this 
case, by (833), + 07.78; whence 


Se be eee a15 


so that the corrections for curvature and proper motion here, 
accidentally, almost destroy each other. 

The apparent place of the comet (still affected, however, by 
parallax and planetary aberration, as well as the differential 
refraction) is, therefore, 

oe = 1A 50 4945 
j= + 59° 20’ 29.34 


at the sidereal time 18” 16” 50°.75. 


289. It is yet to be shown under what conditions errors of 
observation or of the data will have the least effect upon the 
results obtained with the ring micrometer. For the effect of an 
error az in the observed interval, we have, by differentiating (331), 


15 cos 6. At 
sy = 
2r°cos y 
Ad =— r siny. Ay= — }$ cos 6 tany. At 


which shows that the error in the observed time produces the 
least effect upon d when tan + is least, and, therefore, for the most 
accurate determination of the declination, the chords described 
by the two stars should be as far from the centre of the ring as 
possible, or the difference of declination should be but little less 
than the diameter of the ring. If d is not much less than 7, it 
will be advisable to let the stars pass across the field on opposite 
sides of the centre, at nearly equal distances from it. But if d is 
very small, both stars should pass as far from the centre as 
possible, on the same side of it. 
For the effect of an error in r, we have 


r 
momen. Ar .secy 
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which is also least when the star is farthest from the ventre of 
the field. 


For the second star, we have also ad’ = ar sec 7’, and hence 
A (d’ — d) = Ar (sec 7’ — sec 7) 


so that if the stars are on the same parallel of declination (when 
7¥ =7’) the error in r has no effect upon the computed difference 
of declination, as, indeed, is otherwise evident. 

For the accurate determination of the difference of right 
ascension, it is plain that the stars should pass as near to the 
centre of the field as possible, since the immersions and emer- 
sions can then be most accurately observed. 

290. To find the radius of the ring.—First Method.—Observe the 
transits of the sun’s limb over the 
edge of the ring. Four contacts 
will be observed, the sun’s centre 
being at the points a, 0, c, d (Fig. 
63) at the times ¢,, 4,4, 4 If the 
radius of the ring is denoted by r 
and the sun’s semidiameter by R, 
we see that the external contacts 
(at a and d) are observed at the 
times at which the transit of the 
sun’s centre would be observed 
over a ring whose radius was r+ #; while the internal contacts 
(at 6 and c) are observed at the times at which the transit of the 
sun’s centre would be observed over a ring whose radius was 
r— &. Hence, putting d = sun’s declination, and 


Fig. 63. 


Gee Pe r= t, — ft, 
we have, by Art. 285, from the external contacts, 


2(r + &) sin y = 157 cosd 
2(r + R) cosy = 2d 


and from the inner contacts, 


2(r — Rf) sin 7’ = 157’ cos d 
2(r — &) cosy’ = 2d 
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Eliminating 7 and 7’, we have 


4(r + R)? = (15 7 cos 8)? + 4@ 
4(r — Ry = (157 cos 6? +40 


and eliminating d@*, we obtain 


__ (5 cos 3)? (¢ +47) G —7) 
[ma oR (338) 


In order to take into account the sun’s motion in right ascension, 
the intervals c and 7c’ should be expressed in apparent time. 

It is easy to see that the formula (838) will still be applicable 
when the sun’s diameter is greater than that of the ring. 


Exampuie.*—The sun was observed with a ring micrometer at 
the Observatory of Bilk as follows: 


External Contacts. Internal Contacts. 
t, — 10*31" 8°2 Sid. time » = 10* 32" 30°.8 
tl 84. 4775 t, = 10 38 25.8 


The sun’s declination was 6 = + 28° 14’ 50’’; the semidiameter 
R= 15! 45.07; and the sun’s motion in right ascension was 
4” 8*.7 in one day. 

The sidereal intervals 3” 39°.3 and 54°.5 must be reduced to 
intervals of apparent time by multiplying them by the factor 


248.7 
as =). 99718 
86636 ! 
whence 
c = 218°.67 7 — 94° 34 
and hence, by (838), 
f= 9! 2857 


Second Method.—Observe the transits of two stars the differ- 
ence of whose declinations is accurately known. Then, rz and 7’ 
being, as before, the intervals between the ingress and egress of 
the two stars respectively, we have 


1 rcos dé —rsiny d => 7 Cosy 


15 </ cos 6. == 7 sin 7’ Gd) ==? CORY 


II Il 


wis IS 


Bb 
p! 


Since for determining r it will always be advisable to select a 


* Brunnow, Sphirische Astronomie, p. 561. 
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pair of stars whose difference of declination is not much less 
than the diameter of the ring, the stars will be observed on 
opposite sides of the centre: we shall, therefore, have 


d'’— d=r (cosy + cos 7’) 
Let A and B be assumed, so that 


A=i0' +n Bey) 
then 
d’—d =r [cos(A + B) + cos(A — B)] = 2r cos A cos B 
pe +p» =r [sin (A + B) + sin (A — B)] = 27 sin A cos B 
pw — » =r [sin (A + B) — sin (A — B)] = 2r cos A sin B 


Hence we derive 

. / i} oe 

EAs aes tai Be 

d'—d d'—d 
a 


2 cos A cos B 


(339) 


We may also use any one of the following forms for r: 


, 


ine US a the B 
 2sinAcosB 2cosAsinB  sin(A+B)  sin(A—B) 


Tn order to render this method exact, the atmospheric refrac- 
tion should be taken into account. Its effect upon micrometric 
observations in general will be considered hereafter, but, since 
for determining the radius of the ring micrometer it will be 
advisable to take the observations near the meridian, the refrac- 
tion may be allowed for in a very simple manner; for we may 
then neglect its effect upon the right ascensions of the stars. The 
effect upon the declinations is found by the formule (234) and 
(20) of Vol. I.; according to which, if 0 and 0” are the true decli- 
nations, the apparent values are 


8 +k cot(s + NV) 
8’+4 Kk cot(o!+ WV) 


where tan V= cot¢y cost, g being the latitude of the place of 
observation, and rt, the hour angle of the centre of the ring. 
Hence the apparent difference of declination, which we will 
denote by (0’ — 0), 

Ce ee k’ sin (6’ — 6) 


sin (6 + IV) sin (6’-+ WV) 
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for which we may take 
Le k’ sin (0’ — 0) 
sin? [3 (0-40) + I] 


which is to be used for d/— d in (839). It will here generally 
suffice to take k’=57’’; but it may be accurately found by 
Column B of Table IT. 

When the stars are not very near the equator, the correction 
for curvature must be applied. If r were given, the observations, 
computed upon the supposition that the paths of the stars are 
rectilinear, would give the approximate difference d’— d, and 
hence in the inverse process we have only to use d’ — d instead 
of (6’ — 8) in order to obtain the true value of r. Now, by (333), 


CES eet (340) 


d' — d = (6’— 6) — Asin 1” (d” — d?) tan 3 (6’ + 94) 


Ome neds 70 (0 = ie), 
d'’ — d = (0! — 6) + Asin 1" (w’ + w) (ue! — @) tan (64 6) (841) 


in which (d’ — 0) is the difference of declination corrected for 
refraction. 


ExampiLe.—The radius of the ring of the micrometer em- 
ployed in the example of Art. 285 was determined by the stars 
Asterope and Merope of the Pleiades, the declinations of which 
were 

6’ = + 24° 4’ 24.26 6 = + 28° 28’ 6”.85 
and the observed intervals were 
Oe) 9 i NOL 


In order to illustrate the use of (340), let us suppose the hour 
angle of the centre of the ring to have been r, = 1’ = 15°; then, 
the latitude of Bilk being g = + 51° 12’ 25/’, we find 


IN f=13 149’ 6 log K ==log. 57” 1.7559 

(0+ 0)+N—61 35.9 log cosec? [3 (0+ 6’) + NV] 0.1114 
é’— 6 = 36/17" 41 log sin (d’ — 6) 8.0235 

corr. — 0 .78 log corr. n9.8908 


(6 — 8) — 36’ 16".68 
We find, in the next place, 


nu! = 126.68 p= 8867.68 
log (u’ + 2) — 2.71038 log (1! — 2) = n2.41489 
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whence the correction for curvature is, by (341), = — 0/’.14, and 
therefore 


d' — d = 36' 16” 48 
with which we now find, by (339), 


log tan A = 9.37263 log tan B = 9.07714 
log see A 0.01175 
log sec B 0.00308 
log (d'—d) 3.83775 
log 2r 3.35258 
r == 18! 46.08 


Third Method.—Direct the telescope of a theodolite towards 
the objective of the telescope which carries the micrometer, and 
measure directly the angular diameter of the ring by either the 
vertical or the horizontal circle of the theodolite, as in the case 
of the filar micrometer, Art. 46.* 


291. The filar micrometer, the heliometer, and the ring micro- 
meter are now almost the only micrometers in use. I will, 
therefore, here only briefly mention two or three others, as it is 
not within the plan of this work to enter upon the history of the 
numerous instruments of this class which have been proposed. 

The duplication of the images of objects, which is effected in 
the heliometer by dividing the objective, has also been effected 
by dividing the ocular, constituting what has been known as the 
double-image eye-piece micrometer. The principle of this instrument 
is identical with that of Ramsprn’s Dynameter, which is still 
used for measuring the magnifying power of telescopes (Art. 13). 
It is evident that by separating the two halves of a simple eye- 
lens until the image of one star coincides with that of another, 
the angular distance of the stars becomes known from the known 
angular value of a revolution of the screw by which the separa- 
tion is produced. Amict, of Modena, is said to have produced 
the best micrometers of this kind. 

The duplication of images is also effected by the use of a 
doubly refracting prism of rock erystal, originally proposed by 
Rocuon. The difficulty of determining the relation between the 
given position of the crystal and the angular distance of two 


* Upon the ring micrometer, see also papers by Busset in the Monatliche Corre- 
spondenz, Vols. XXIV. and XXVI. 
Vor. IT.—29 
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objects which have been brought into contact, is a considerable 
obstacle to its general use, to say nothing of the optical difficul- 
ties in obtaining well defined images free from color.* 

Srruve has proposed the use of a graduated plate of trans- 
parent mica placed in the focus of the equatorial, and this method 
has been employed by the Messrs. Bonp in cataloguing small 
stars. Upon a plate of mica 55 of an inch in thickness are 
drawn two sets of parallel lines, one system representing decli- 
nation circles, the other, at right angles to the first, representing 
parallels of declination. The relative declination of two stars 
which pass over the field is determined by merely observing the 
divisions of the graduated declination scale over which or near 
which they pass; and their relative right ascension is found 
from the observed times of their transits over the lines which 
represent declination circles, these times being noted by the aid 
of the electro-chronograph.} — 

An ingenious mode of employing a double eye piece micro- 
meter (consisting of two complete eye pieces), apparently giving 
very precise results, is suggested by Mr. Avan Ciark, of Boston, 
in the Proceedings of the Am. Association for the Adv. of 
Science, 10th meeting, p. 108. 


CORRECTION OF MICROMETRIC OBSERVATIONS FOR REFRACTION. 


292. Since the position of each of the two observed stars is 
affected by the atmospheric refraction, their relative position, de- 
termined by the micrometer, is also affected by it. The object 
of the following investigations is to determine the correction of 
the micrometric measures themselves, without requiring a sepa- 
rate consideration of the absolute places of the two stars.{ 


293. To find the effect of refraction upon the observed angular distance 
of two stars and upon the angle which the great circle joining the stars 
makes with a vertical circle—This mode of observation is indeed 
not practised, but the investigation of the effect of refraction in 


* For a description of a number of double image micrometers, see PEaRson’s 
Practical Astronomy. 

ft See Annals of the Astronomical Observatory of Harvard College, Vol. I. 

{ Thave followed Bussxt’s methods (Astron. Untersuch., Vol. I.) in the investiga- 
tion of the greater part of the formule. That portion of his article which relates to 
the ring micrometer is, however, considerably abridged and simplified. 
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this case is very simple, and will serve as the ground-work of 
the subsequent applications. Denote by 


¢, ¢’, and z, 2’, the true and apparent zenith distances of the 
two stars S and S’; 
A, their difference of azimuth ; 
r, 7’, their refractions ; 

4, 4’, and 1, I’, the true and apparent angles which the great 
circle joining the stars makes with their re- 
spective vertical circles, all reckoned in the 
same direction ; 

o, 8, the true and apparent distances of the stars. 


We have, in the triangle formed by the zenith and the appa- 
rent places of the stars, by the Gaussian equations of spherical 
trigonometry, 

sin}ssin 3(/ + 1’) = sin} A sin}(z2 4 2’) 

sin}scos¢(l + 1’) = cos3A sin} (2 — 2’) 
and in the triangle formed by the zenith and the true places of 
the stars, 

sindo sin (A + 2’) = sin} A sin} (€ + 6’) 

sin}o cos#(A + 2’) = cos3 A sin} (¢ — £’) 


If we put 
,=20+0/) dy = 4 +2) fo Cee 


and also substitute € — r and ¢’ — 7’ for z and 2’, the elimination 
of A from the above equations gives 


sin , 
sin [€,—2(r+7’)] 
sin 3 (€ — ¢’) 
sin} [¢ — €’— (r—?’)] 


sin ¢osin 4, = sin }s sin (,- 


sin 3.0 cos A, = sin 38 cosl,- 


We may evidently, in the first equation, put 7, for $(r +7’), 
which is equivalent to assuming that the mean of the refractions 
for the zenith distances ¢ and ¢’ is the same as the refraction for 
the mean of these zenith distances, an assumption producing here 
no sensible error in the factor sin[¢,— 4(r + 7’)] or sin (€, — 74). 
We may also take 

dr, 


dt, 


PP = 


(é ae OS 
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in which the differential coefficient = expresses the rate of change 
of the refraction corresponding to ¢,. Then, in the fraction 
sin 3 (¢ — &°) 
sin¢ [¢ — ¢’—(r—r’)] 
which differs but little from unity, we may put the arcs for their 
sines: so that, denoting this fraction by 6, we have 


; 6a Lg tea oe 
ES (Fs oe Pe tee OP. 
Cet alo 
If we also put 
sin €, 
sin (€, — 15) 


and substitute 4 and 4s for their sines, our formule become 


o sin A, =s.a sin , 
« cosi, = s.6 cosl, 
From these we have 


tan 2, = - tan J, 


which developed* gives 


yee (y= sin 21, + 4( 


From the same formule we derive 


——OINI 
sin 4], — &e.__ (842) 
bta 


« cos (A, — 1,) = s [a + (6 — a) cos? I] 


and, dividing this by cos (A, —-/,) = 1 — 4 (A, —1,)? + &e., we obtain 


2 


¢—s=s[a—1+4 (—a) cos), 45 A) sin? 2/,-+ &¢.] (848) 


lio 

294. To facilitate the computation of (342) and (3848) a con- 
venient method of finding a and 6 is necessary. We have, for 
any indeterminate ¢, 


sin€  _—sin(z+1r) sinr 


~ sin C5 iene +r tan z 
Ree ag _4 (2+7) aa dr 
de — dr dz ! dz 


Adopting for the refraction the form (Vol. I. Arts. 107 and 
e117) 


iP S/R ie Z 


* By Pl. Trig. Art. 254, 
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im which 
k = apy? 
we have, putting cos r = 1, 
G) == 1! + k 


ante ee” tan’? 
dz 


These quantities may therefore be found by the aid of Column 
A of Table Hl. But, as the argument is there the apparent 
zenith distance, while in micrometer observations it is generally 
the true zenith distance that is given, it is expedient to form a 
new table, by which a quantity x, depending upon the refraction, 
may be found with the argument ¢, such that 


oa — tan 


In order to obtain the value of x for any state of the air, 
Busse. gives it the same form as that already adopted for k, 


and assumes 
yp ee ai! Be” ral 


in which the factors 8 and 7, depending on the barometer and 
thermometer, have the same values as before. 

The quantities log a’, A’’, 4’’, which are given in Column C of 
Table I., must be determined so as to satisfy the above defini- 
tion of x for all values of 8 and;. We have 

tan?z dk tan z 


eam ++ =(k + F cot 2] 


tance dz tan? € 


tan? 2 
tan? € 


Taking the Napierian logarithms, 


tan Zz 


aes ANI + Ay = 1k + X cot 2) + 21( (344) 


tan € 
From the definition of k, we have 


dk ,{ 2 | 
yee p= ipo 
re a Alea + lB + 


dh 
ee até tr] 
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Since # and ; differ but little from unity, /f and ly are so small 
that we may neglect their squares, so that the logarithm of the 
last factor of the above expression, under the form /(1-+ x), may 
be put = 2, and hence 


dos 
i(k + F cote) le + AUB + tty + 1(1 + 


dA dn 
[Bi ae 
Ta | Cot & (345) 
i tees! 
rdz 


Now, let (z) denote tnat value of z which corresponds to the 
given € when 8 = 1, 7 =1, a value which can be found from 
Column A of the table, as in Art. 119, Vol. I. Let the corre- 
sponding values of a, A,A, as found from that column, be denoted 
by (a), (A), (A), and the corresponding refraction by (r); then, 
a’, A’, i’ being taken from Column B for the given ¢€, we have, 
as in the article just referred to, 


(7) = (@) tan (2) = a’ tan € 
z= (2) — a’ tan €(A’lp + i Iy) 


The second member of (345) is a function of z, which may be 
transformed into a function of (z). The small terms multiplied 
by 18 and ly will not be sensibly affected by substituting (z) for 
z, (A) for A, &e. The other terms may be developed by the 
formula 


d 
fz=fe+ Fee 
in which 
y = — oo tan € (ANB + 2 ly) = — (a) tan (2) (A' 1B + 2 ly) 
We find 
dik d(a) 
if e+ cot \=t Ae ieee 
(4+ & cotz)—=1(a) + (A) + Dy + ee, 
(a) d(a ‘ 
| |2@ i) Gao 
d (2) (Z) d(a) (A’'I8 Sie Ly 
(7) d(z) 
d(A) d (A) 
Ip TON a ’ 7G) 
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We have, also, 


tang tan[@)+y] _ tan(@) — 


tan € tan ¢ tan € cos? Ve CATE aa 
= es |: oa ae (A'Ig +4 | 
tan z 2 (a) 
= ye AG) = y ! 
( tan | 2 co) cos? (2) Co Papa ie 


Hence, substituting in (344), 


Tet Al Tg TEP pe lel Ta a feel!) 


(7) 4( o 
oe 2 oF 
2(0) 4, da) rary a see (2) A’ a cot @) 
ef EG val (2) A'+ ee 
(r) 4(2) 
(o) ase o 
aa 2(a) ,,. d(a) os (r) d ce? (z)X +55 cot (2) 
+4 | Q@) oete) A if) tan (2) 4’ 4 Ta 
a (2) 


Since this must be satisfied for all values of 8 andy, the coefficients 
of 1/8 and ly in the two members must be equal, respectively. 
Now, we have found, in Vol. I. Art. 119, 


Cj a(t ue |= Al E AN (a\ sect (2) an ©| 


d(z) d (2) 
Q) = i( 1+ Te)= v E + (a) sec? (2) + ae tan @| 


Substituting these values in the above equations, and comparing 
similar terms, we find 


d(a) 
(7) d(z) 


(1 of d(a) \(a"— 4) = A’ (@) 1 d(A) cot (2) (346) 


lal” = 2a! —1(a) +1(1+ 


(r) d () cos?(z) _ d(z) 
d(a) " DS ee X (a) d (A) 
(1 i Gd ©) a” — 1) = poet) ai iG cot (2) 


by which la’’, A’’,2’/’ are computed. The quantities a and a’ 
in Columns A and B of the table, are expressed in seconds, but 
a/’in Column C is in parts of the radius, so that we must add to 
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the value found by the first of the equations (346), the constant 
log sin 1 = 4.685575. In the second member of the other two 
equations we must also put (a) sin 1’ for (a), and d(z) sin 1’ 
' for d(z). 


295. With the table thus prepared, the computation of x is 
precisely like that of k in finding the refraction. For example, 
to find log x for ¢ = 80°, Barom. 30.35 inches, Attached Therm. 
40°F., Ext. Therm. 35°F; we have 


A'— 0.994 w= 1.099 log a= 6.8047 
log B = + 0.01092 logy=+ 0.01185 A” log g = + 0.0105 
log T = — 0.00031 log y = + 0.0130 
log 6 — + 0.01061 logx = 6.4182 


296. Our fundamental equations (342) and (3843) may now be 
reduced to a much more simple form. It is evident that on 
account of the small value of x we may omit the terms in (b — a)’, 


b—a 

—, from 
b+a 
which it differs only by terms involving x’. In (843) we may 
put a — 1 =~ instead of its true value 4, without sensible error; 
for even at the zenith distance 85° the difference of x and k is 
only 0.00006, and consequently the error of substituting one for 
the other in this term will be less than s x 0.00006, so that even 
if s were as great as 1000’ the error would not amount to 0/7.06. 
We therefore adopt as fundamental the following simplified 
forms : 


b—a 
&e. For the same reason, we may put —>— for 


6 —s = sx (tan? cos?/, + 1 

A4g— |, = — x tan’¢ cos l sin : } Gao 
In these equations ¢ is the mean of the true zenith distances of 
the two stars, and x the corresponding quantity in the refraction 
table. The quantity /, is that which would be given directly by 
the observation. ; 

The mean zenith distance ¢ will be found, by a single com- 
putation, from the mean of the hour angles of the two stars and 
the mean of their declinations. Denoting these by z,and 6,, and 
the latitude of the place of observation by g, we have, by equa- 
tions (20), Vol. L., 

tan NV = cot ¢ cos 1, 
tan 7, sin VV 
; sin (O,+ NV) 
tan € cos g = cot (6,-+ WV) 


tan € sin g = (348) 
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The parallactic angle q which these formule give at the same 
time with ¢ will be required in the subsequent problems. In 
the observatory the computation is facilitated by a table, com- 
puted for the given latitude, which gives the value of NV, and of 
log n = log (tan rt, sin IV), for every minute of the hour angle r. 
We then have only to compute the equations 


tan ¢ sin g = n cosec (6, + NV) 


348* 
tan € cosg = cot (Oo, + IV) x ) 


297. Correction for refraction of micrometric observations of the 
distance and position angle between two stars.—The observed position 
angle p is the position angle at the middle point of the are joining 
the two stars (Art. 260). Let z denote the true value of this 
angle, g the true parallactic angle found by (848); then we have 


A —=—=7— | 
and if q’ is the apparent parallactic angle, we have 
L=p—¢ 
From the differential formula (47) of Vol. I. we find that if ¢ 
varies by df — r, the angle q varies by the quantity 
gq —q=r sin qg tan 0, 
and if we take for r the form (Vol. I. Art. 119) 
7 == Kh tan ¢ 
we have 
qg=4q+#' tan € sin g tan 6, 
and, consequently, 
lL=p —q—F#' tan € sin g tan 0, 
This value of /, is to be substituted in (347); but in the terms 


already multiplied by sx we may take |.—p—g. Hence we 
have 


« — s = 8x [tan’é cos’(p — g) + 1] 
x — p — — x tan?¢ cos(p — q) sin(p — q) — Ff tan @ sin q tan 6, 


Since the position angle cannot be determined within a num- 
ber of seconds, the error of putting x for k’ in the last term of 
the formula for z — p will be of no practical importance; and, 
moreover, since the terms of the series (342) have to be reduced 
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to seconds by multiplying by the radius in seconds (= cosec 1’’), 
we have, finally, 


« — § =sx[tan’¢ cos? (p —g) 4+ 1] (349) 
z—p——x cosec 1” [tan? ¢ cos (p — q) sin (p — q) + tan ¢ sin q tan 0,] 


Having obtained o and z by adding these corrections to s and p, 
the true difference of right ascension and declination of the stars 
may then be computed by Art. 264, employing o and z for s and 
p; that is, by the formulze 


sin 4 (a’ — a) = sin }o sin z sec 0, 
spar a Aya (350) 
sin 3 (0’— 0) = sin }o cosz sec 3 (a’ — a) 


or by the approximate formulee 


a’ — a =o Sin z sec 0, 


5’— d6=ccosx \ (350*) 


298. If the apparent differences of right ascension and decli- 
nation have already been computed from s and p by Art. 264, 
and we wish to correct them for refraction, we have, by comparing 
the formulee (284) and (350*), and denoting the corrections which 
the apparent values of a’—aand 0’—d require by the symbol a, 


A(a’ —- a) = (6 sin z — s sin p) sec 0, 
A(d'—- 0) = o coSz — 8 COS p 
Or, 
A(a’ — a) = [(¢ — 8) sin p + o(sin z — sin p)] sec 6, 
A(0’ — 0) = (6 —8) cosp + o(cosz — cosp) 


or, again, with sufficient accuracy, 


A(a’ — a) = [(o — s) sin p + s(x — p) sin 1” cos p] sec 4, 
A(0’— 6)= (6 —8)cosp — s(x — p)sin 1’ sin p 
and, ‘substituting the values of ¢o— s and z — p from (849), 
A(a’—a)—=s x [tan?é cos (p—q) sing—tan € sin q tan 6, cos p-+-sin p] sec 6, 


A(d —d)=sx[tan’¢ cos( p—q) cosq-+tan € sing tan 6, sin pcos p] 
(351) 


These formule are somewhat abridged by introducing an 
auxiliary uw such that 


tan u — tan € sin q tan 4, 
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A(a’ — a) = sx [tan?é cos (p—q) sin g-+sec u sin (p—)] sec 6, i a5 1% 
A(0’ — 6) = sx [tan?é cos (p—q) cos g-+sece u cos (p—u)] el) 


EXAMPLE.—In the example, Art. 264, we had the observed 
quantities s = 316/’.993, p = 169° 57’.7. The latitude of the 
place of observation was gy = 38° 53/.7, and the sidereal time 
was 0* 17” 52°. The right ascension and declination of the 
middle point between the stars were, approximately, 


a, = 21* 51™ 52° 6) = — 18° 28'.5 


The corrections for refraction being exceedingly small in the 
case of so small a value of s, the observer did not think it 
necessary to record the state of the atmosphere; but, for the 
sake of illustration, I shall assume Barometer 30.29 inches, Att. 
Therm. 49°, Ext. Therm. 41° Fahr. 

We have, first, the hour angle of the middle point between the 
observed bodies, 7, = 2” 26" = 36° 30’, with which and the above 
values of g and 0, we find, by (348), 


) 
INN = 44° 53'.9 f= Oa" 20 0 G == 31° 28°52 
and by Column C of Table IL, 


log x = 6.4555 
Then, by (349), we find 
5 2 Seley fd ag i TE? ey 
and hence 
C= 317", 270 T= 109910918 


From these, by (350*), the true difference of right ascension and 
declination are found to be 


(a! — o) = +56".68 ('— 6) = — 5112" 45 


But, supposing the apparent differences to have been already 
computed as in Art. 264, namely, 


a’ — a = + 56.82 6 == — DIZ Ie 


we should compute the corrections of these quantities by (851*), 
which give 


Gite 0186 AOE = 3) == 0806 
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which added to a’—a and 6’— 0 give the same values of 
(a’ — a) and (d’ — @) as above found. 


299. Correction for refraction of micrometer observations in which 
the difference of right ascension has been obtained from the difference of 
the times of transit of the stars over threads lying in the direction of 
circles of declination, and the difference of declination has been directly 
measured. (2d Method, Art. 266.) 

Let ¢ and ¢’ denote the observed sidereal times of transit of the 
two stars over the same declination circle. A star upon the 
same parallel of declination as the second star, but having the 
right ascension a’ — (¢/— 1), would have been observed simul- 
taneously with the first star, and would, therefore, have had the 
same apparent right ascension. The effect of refraction upon 
the time of transit of this supposed star is evidently the same as 
in the case of the real star; and the effect upon the difference 
of declination is also the same: so that this case is reduced to 
the preceding by supposing the stars to have been observed with 
an apparent position angle p= 0, and apparent distance s = 
o’— 0. These substitutions in (351) give the required corrections 


A(a’ — a) = x (6' — 9d) [tan?¢ cos q sing — tan € sin q tan 6,] sec 6, 
A(d’— 0) = x (0' — 0) [tan?é cos?¢ + 1] 


These formule are simplified by introducing the auxiliary NV 
already used in the computation of ¢. Substituting the values of 
tan € sing and tan € cos q from (848) and (348*), they are readily 
reduced to the following: 


x(d'— 6) ncos(26,+N) 
sin?(d,+ NV) cos? d, 


A(6’ — 3) = peas 
sin’?(6,-+ VV) 


A(a’ = a) = 


(352) 


Examptz.—In the example, Art. 266, we have the observed 
difference of right ascension and declination of Neptune and a 
known star, 


a’ —a = -+ 1™ 45°30 0’ — 6 = — 7’ 28.22 
and the place of the star, 


a == 21 50” 8¢.99 db = — 18° 23’ 35”.11 
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The sidereal time of the star’s transit being 23" 26” 438°.4, the 
common hour angle at which the objects were observed was 


a= 1* 86" 34:4 — 24° 8/6 
with which and g = 88° 53/.7, 0, = — 18° 27’.3, we find, by (348), 


ev == 48° 31S log n = log (tant, sin V) = 9.5261 
SO Ae 


and assuming Barom. 30.29 inches, Att. Therm. 49°, Ext. Therm. 
41° Fahr., we find, by Column C of Table IL, 


log x = 6.4577 
Hence, by (852), 


A(a’— a) = — 07.128 = — 0.009 a(d! — 6) = — 0.889 
The differences corrected for refraction are, therefore, 
a’ — a = + 1” 45*.29 Ma) 7! PVG 


and hence the apparent place of Neptune, affected now only by 
parallax, was 


a! = 21" 51” 54°.28 6’ = — 18° 81’ 3”.72 


on November 29, 1846, at 23" 28” 28°.7 sidereal time at Wash- 
ington. 


300. Correction for refraction of observations made with the ring 
micrometer.—At each transit of a star over the edge of the ring, 
its apparent distance from the centre, C, of the ring is equal to the 
radius r. If at the time /, of its first transit’its true distance is 
o,, we shall have, by (349), putting 7 for s, 


6,=r[l+x- «tan? ¢ cos? (p — q)] (853) 


in which p is the position angle of the star referred to C. 
The zenith distance ¢ and the parallactic angle g belong to the 
middle point between the star and C; but it is easily seen that 
it will produce no important error to assume them either for the 
point Cor for a mean point between the stars compared. We 
shall, therefore, here suppose ¢ and q to have the same values for 
all observations made in the same position of the ring. At the 
time ¢, of the star’s second transit, the position angle, reckoned 
in the same direction as for the first transit from the declination 
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circle through C, will be 860° — p: so that, if ¢, is then the true 
distance of the star from C, we have 


o,—r[l+x- x tan’ ¢cos’(p + g)] (354) 
Now, let 


t, = the time of the star’s transit over the true declina- 
tion circle of C, 
Ty T, = the true hour angles of the star, reckoned from the 
declination circle of C, at the two observed transits, 
6, D = the declination of the star and of 0; 


then we have 
US Ue ech, ( — ioe 


and in the two triangles formed by the pole, the point C, and the 
two true places of the stars at the two observations, we have 


cos o, = sin D sin 6 + cos Dcos 6 cos % 
cos o, = sin D sin 6 + cos Dcos 6 cos t, 


From the difference of these equations, namely, 
2 sin} (6, + o,) Sin }(¢, —o,) =2 cos D cos 6 sin 3 (t, + 7,) sin 3 (7, —t%) 


we derive, approximately, 


1(c —9) =(45%)(4 am) 2 sec D sec 6 
4 1 ea - 
2 2 Gi Ts 


To reduce this expression to a practical form, we have first, from 
(853) and (354), 


3 (6, — o,) = rx tan’ € sin p cos p sin 2¢ 


in which we may use the approximate values of sin p and cos B 
given by (331), where 7 is the same as p; namely, 


(t,— t,) cos 6 


sin p <= 9 
ii 


COS p = z 
vag 


where d is the approximate value of 6 — D found by neglecting 
the refraction. 

For 2 (9, + 6,) we may here use r; for, being only a multiplier 
ot 4(¢,—,), the remaining terms would give only terms in x? 
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in the product. For 7,+ 7,we put 4,— 7%. These substitutions 
being made in the value of $(z,— r,), we have 


3 (tT, — t) = dx tan’€é sin 2g sec D (355) 
which is the correction to be added to the mean of the observed 


times, in order to obtain the true time /, of the star’s transit over 
the declination circle of the centre of the ring; for we have 


H=30% 146) +3(4 —) 

To find the correction of d for refraction, we observe that if 
t, and t, were known, the true value of the difference 6 — D 
would be found by the formule 

(6 — Dy) = o,? — ©, cos 38) 

(6 — D)? = o,? — (1, cos 6)? 
In these formule, indeed, the path of the star is supposed to be 
rectilinear; but the correction for curvature has already been 
investigated, and is given by (333). The mean of these values 
may be expressed as follows: 


0 Def (Sf (A fon Gn 


» 


al 


and, consequently, by neglecting terms in x’, 
(6 — D)? = (2 |—(2 5 Jooera 
2 2 
‘Tne difference d is found from the formula 
PRA 
bl rp —(2=* oosa 
2 
and therefore, observing that r,-++ t,=t,— 4, 


2 
(6 — D)? — @=(S% as 4) — r 
= 27r’x [1 + tan’¢ (sin? g + cos’ p cos 2 q)] 


Substituting d for r cos p, and then dividing both members by 
(6 — D) + d, (or by 2d, since this will involve only errors of the 
order x’), we find 


“Os 
(8 —D)—d="* (tan*¢ sin® g +1) + dx tan®€cos2q (356) 


which is the required correction to be added to d. 
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For a second star, we have, in like manner, 


1 (cr, — ti) = d' xtan®¢ sin 2 q sec D \ (357) 
$= 3G +6) +3 @i— 7) 


(6'— D)—d'= (tan?¢ sin?g + 1) + d’xtan?€cos2q (858) 


The difference of right ascension of the stars found by neglect- 
ing the refraction is 


a= 3G +H) —2G+4) 


while the true value is ¢,/— ¢,: so that the correction for the 
refraction is 


A(o’ — a) = 3(t/ 1; (i ,) 
or, by (355) and (357), 
A(a’ — a) = (d’ — d) x tan’®€ sin 2 ¢ sec 6, (359) 


in which we have put 6,—= 4(6 + 0’) instead of D. The correc- 
tion of the difference of the declinations of the stars for refrac. 
tion is, by (856) and (858), 
yee ; Soeh x (tan? € sin?¢g + 1) 
ae ~ (360) 
The values of € and q to be used in these formule will be 
found by (848), employing 0, = 4(0 + 0’) and the hour angle z, 
of the centre of the ring, een will be found from the anne 
of one of the stars by aN: formula 


Chat at ean 


A(6’ — 6) = (d' — d) x tan’ € cos 2 g — 


ExampLe.—To correct the results in the example of Art. 285 
for refraction.—We have there found 


d’ = + 17 51"9 9 = 451° 12/4 
C418 at 8 prctiod aoe a 
eae SOs Wess c,—= 5 13" 58s. 
of a = 1149850 r— 1126.25 
We find, by (348), 
N= 9° 6.7 log n — 9.89088 


q= 42 58.7 c= 64° 25'.0 
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The indications of the barometer and thermometer are not given; 
but, assuming a mean state of the air, the refraction table gives 
for this zenith distance log x = 6.4382, with which we proceed 
to compute (359) and (860) as follows: 


log (d' — d) 2.4101 
log x 6.4882 


log tan’ £ 0.6398 log sec 6, 0.0395 
FAS Slee eet ee ee Pawns ces 9.4881 
log cos 2 q¢ 8.8658 log sin 2g 9.9988 


Ist term of (860) — + 0”.02 ‘log A(a’ — a) 9.5264 
A(a’ —o) = -+ 0.34 = + 0*.02 
log sin’ g 9.6658 
log (tan’¢ sin’g + 1) 0.4802 
log (d' — d) x 8.8483 
: log r? 6.1082 


5.4317 
log dd’ 5.9412 The corrected values are then 
2d term of (360) = + 0”.31 dy ee PS 
A(o’— 6) = — 0.29 o’— od = + 4 16".81 


The corrections for refraction are in this instance less than the 
probable errors of observation. Indeed, with the ring micro- 
meter, it will seldom be worth while to consider the refraction 
unless the zenith distance is over 60° and the difference of 
declination over 10’. 


CORRECTION OF MICROMETRIC OBSERVATIONS FOR PRECESSION, 
NUTATION, AND ABERRATION. 


301. In most cases, micrometer observations of the difference 
of position of two celestial bodies have for their object the 
determination of the apparent place of one of these bodies from 
that of the other supposed to be given. The apparent place thus 
found is then usually to be reduced to the mean place for the 
beginning of the year, or any adopted epoch, by applying the 
corrections for precession, nutation, and aberration with reversed 
sign. Sometimes, also, it is desirable to reduce the data fur- 
nished by the micrometer on different dates to a common date. 
The only case of interest, however, is that in which the distance 
and position angle have been observed. I shall consider first 


the effect of aberration. 
Vou. II.— 30 
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302. To find the effect of aberration upon the angular distance of 
two stars.—Let us denote by # the point of the ecliptic from 
which the earth is moving (as in Art. 387 of Vol. L.); by %, &, 
the true angular distances of the stars from H; by 3%’, @,’, the 
apparent distances from H affected by aberration; by @ and s, 
the true and apparent distances of the stars from each other; by 
71» 7» the angles formed by o with J, and #,; by 7,’, 7,’, the angles 
formed by s with the same ares. Then, since the aberration acts 
only in the great circle joining the star and the point &, the 
angle at H between the ares %, and #, remains unchanged, and 
we have, precisely as in the investigation of the differential 
refraction in Art. 293, 


cin } (9, + 9) 
sin 3 (3, +) 
sin 3 (, — 3) 
sin } (9, — %,") 


sin }osin }(y, + 72) = Sin 38 sin 3 (7,'+ 7) 


sin $008 4 (7, + 72) = sin +8 cos 3 (7,' + 7’) 


If we write y, and y,’ for $(7,+ 7,) and 4(7,’ + 7,’), we may put 
these equations under the form 


o sin y, = as siny,’ 
5 COS7, = bs cosy,’ 
in which we have put 
sin sin 4(4% —& 
ee 0 b 3 ( 1 2) 


gin ay sin $ (4,' —?,’) 


Now, we have (Art. 385, Vol. I.) 
3, =), = fh sin 8, 
in which k = 20/.4451; and hence 
a=1—k cos ¥, 


ul 


= ———____ = ] — f cos 3 Fk? cos? & — &e. 
1+ kcos#%, = Bato ae 


so that if we neglect /’, as we may, we have a = 0, and hence 
our equations give, simply, 


Ul 


16 
CoS 


Hence it follows, Ist, that the angle which o makes with the are 
J, is not sensibly changed by the aberration; 2d, that the effect 
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of aberration upon the distance o is the same in whatever direc- 
tion the arc o may lie, and depends only on the distance (3) of 
its middle point from the point Z, or, in general, upon the right 
ascension and declination of this middle point. This latter 
principle suggests the most simple means of investigating a for- 
mula for computing the aberration in distance ; we have only to 
assume the distance o to coincide in direction with a declination 
circle, so that ¢ may be treated as the difference of declination 
of the stars. Then the effect of aberration upon o will be found 
by differentiating the expression Cc’ + Dad’, which expresses the 
correction for aberration (Art. 402, Vol. I.); thus, 


Taking the values of a’ and 0’ for the middle point of 4, or 
for the right ascension a, and declination 6,, we put 


y=: Fane ts o (tan ¢ sin 6, + sin a, Cos 4,) 


7 
v= Pas == 6.COS ay COS dy 
dé 


and then for computing ao we have the simple formula 
Noe Oy. 12 De (361) 


for which C and D can be taken from the Ephemeris for the 
given date. The correction thus found is to be added to the 
true distance to obtain the apparent distance. 

The position angle p, at the middle point of ¢ is composed of 
the angle 7, and of the angle which the declination circle makes 
with the are &,: so that the change in p, is the same as that in 
the latter angle, that is, it is the difference of directions of the 
declination circles drawn through the true and apparent places 
of the stars. This difference will be obtained at the same time 

with that produced by precession and nutation in the next article. 


303. To find the effect of precession, nutation, and aberration upon 
the position angle of two stars.—Let a, 0, be the right ascension 
and declination of the middle point between the two stars. The 
change ap, in the position angle is simply the change of direction 
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of the declination circle drawn through this point: so that we 


have 
day COS Op 
doy 


tan Apo = Apy = 


or, taking a, = (a) + Aa + Bb + Ce + Dd as the expression of 
the apparent right ascension at any time, where (a) is its mean 
value at the beginning of the given year (Vol. I. Art. 402), we 


have 
da db de dd | 
Ap, — GOS 0) | A - — so C.- Ios 
ig | dd, at dd, aE dy do, 


— A.nsina, sec 6, + B.cosa, sec 6, + C.cos a, tan 6, + D.sin a, tan 4, 


Hence, putting 


ea a a Sawa : y 
a ==" sina, BEC 0, ae COB a, tan °o \ (362) 
B= 008 10, 8605, o = sin a, tan 6, 


in which, for a given year 1800 + ¢ (Vol. I. p. 617), 


n = 20.0607 — 0’’.00008638 ¢ 
we have 
c Ap) — Aa! + Bg + Of + De’ (368) 


The annual increase of p is n sin & sec 0). If we wish to reduce 
the mean value of p from one given year 1800 + ¢ to another 
1800+ 2’, we must, therefore, add the quantity (#/ —2) n sin a& sec 0), 
in which a and 0, should be taken for the date 1800 + °4(¢ + t!y, 
The mean value of pp) being thus reduced to the beginning of the 
year 1800 + ?, its apparent value for the day of the year will 
then be found by adding the correction ap) given by (363), A, 
B, C, and D being taken for the day from the annual Ephemeris 
or the Tabule Regiomontane. 

The precession and nutation, evidently, do not affect the appa- 
rent angular distance of two stars. 


aie EN DEX, 


METHOD OF LEAST SQUARES.* 


1. A number of observations being taken for the purpose of 
determining one or more unknown quantities, and these obser- 
vations giving discordant results, it is an important problem to 
determine the most probable values of the unknown quantities. 
The method of least squares may be defined to be that method 
of treating this general problem which takes as its fundamental 
principle, that the most probable values are those which make the sum 
of the squares of the residual errors a minimum. But, to understand 
this definition, some degree of acquaintance with the method 
itself is necessary. 


* The first published application of the method is to be found in Legrnpre, WVowvelles 
méthodes pour la détermination des orbites des cométes, Paris, 1806. The development, 
however, from fundamental principles is due to Gauss, who declared that he had 
used the method as early as 1795. See his Theoria Motus Corporum Ceelestium, 1809, 
Lib. Il. See. III.; Disquisitio de elementis ellipticis Palladis, 1811; Bestimmung der 
Genauigheit der Beobachtungen (v. Linpnnav und BoHNENBERGER’S Zeitschrift, 1816, I. 
s. 185) ; Theoria combinationis observationum erroribus minimis obnoxie, 1823; Supple- 
mentum theorix combinationis, &c., 1826: all of which have been rendered quite access- 
ible through a French translation by J. Brrrranp, Méthode des moindres carrées. Mé- 
motres sur la combinaison des observations, par Cu. Fr. Gauss, Paris, 1855. 

For a digest of the preceding, together with the results of the labors of Bussry 
and Hansen, see Encxn, Ueber die Methode der kleinsten Quadrate, Berliner Astron. 
Jahrbuch for 1834, 1835, 1836; in connection with which must be mentioned espe- 
cially the practical work of Guruina, Die Ausgleichungsrechnungen der practischen 
Geometric, Hamburg, 18438. 

See also Lapuace, Théorie analytique des probabilités, Liv. II. Chap. IV.; Porsson, 
Sur la probabilité des résultats moyens des observations, in the Connaissance des Temps for 
1827; Enoxn, in the Berlin Jahrbuch for 1853; Brssex, in Astron. Nach., Nos. 358, 
359, 399; Hansen, in Astron. Nach., Nos. 192, 202 et seq.; Purrcn, in the Astron 
Journal (Cambridge, Mass.), Vol II. No. 21; Liaare, Caleul des probabilités et théorte 


des erreurs, Bruxelles, 1852. 
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ERRORS TO WHICH OBSERVATIONS ARE LIABLE. 


2. Every observation which is a measure, however carefully it 
may be made, is to be regarded as subject to error; for expe- 
rience teaches that repeated measures of the same quantity, when 
the greatest precision is sought,* do not give uniformly the same 
result. Two kinds of errors are to be distinguished. 

Constant or regular errors are those which in all measures of the 
same quantity, made under the same circumstances, obtain the 
same magnitude; or whose magnitude is dependent upon the 
circumstances according to any determinate law. The causes of 
such errors must be the subject of careful preliminary search in 
all physical inquiries, so that their action may be altogether pre- 
vented or their eftect removed by calculation. For example, 
among the constant errors may be enumerated refraction, aber- 
ration, &c.; the effect of the temperature of rods used in mea- 
suring a base line in a survey ; the error of division of a graduated 
instrument when the same division is used in all the measures; 
any peculiarity of an instrument which affects a particular mea- 
surement always by the same amount, such as inequality of the 
pivots of a transit instrument, defective adjustment of the colli- 
mation, imperfections of lenses, defects of micrometer screws, Xc., 
to which must be added constant peculiarities of the observer, 
who, for example, may always note the passage of a star over a 
thread of a transit instrument too soon, or too late, by a constant 
quantity, or who, in attempting to bisect a star with a micrometer 
thread, constantly makes the upper or the lower portion the 
greater; or who, in observing the contact of two images (in 
sextant measures, for instance), assumes for a contact a position 
in which the images are really at some constant small distance, 
or a position in which the images are really overlapped, &c. &e. 

Thus, we have three kinds of constant errors: 

Ist. Theoretical, such as refraction, aberration, &c., whose effects, 
when their causes are once thoroughly understood, may be cal- 
culated a priori, and which thenceforth cease to exist as errors. 


* The qualification, ‘‘when the greatest precision is sought,” is important; for if, 
e.g., we were to determine the latitude of a place by repeated measures of the meri- 
dian altitude of the same fixed star with a sextant divided only to whole degrees, all 
our measures might give the same degree. The accordance of observations is, there- 
fore, not to be taken as an infallible evidence of their accuracy. It is especially 
when we approach the limits of our measuring powers that we become sensible of the 
discrepancies of observations. 
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The detection of a constant error in a certain class of observa- 
tions very commonly leads to investigations by which its cause 
is revealed, and thus our physical theories are improved. 

2d. Instrumental, which are discovered by an examination of 
our instruments, or from a discussion of the observations made 
with them. These may also be removed when their causes are 
fully understood, either by a proper mode of using the instru- 
ment, or by subsequent computation. 

3d. Personal, which depend upon peculiarities of the observer, 
and in delicate inquiries become the subject of special investiga- 
tion under the name of “ personal equations.” 

We are to assume that, in any inquiry, all the sources of con- 
stant error have been carefully investigated, and their effects 
eliminated as far as practicable. When this has been done, 
however, we find by experience that there still remain discrepan- 
cies, which must be referred to the next following class. 

Irregular or accidental errors are those which have irregular 
causes, or whose effects upon individual observations are goy- 
erned by no fixed law connecting them with the circumstances 
of the observations, and, therefore, can never be subjected 
a priori to computation. Such, for example, are errors arising 
from tremors of a telescope produced by the wind; errors in the 
refraction produced by anomalous changes of density of the 
strata of the atmosphere; from unavoidable changes in the 
several parts of an instrument produced by anomalous variations 
of temperature, or anomalous contraction and expansion of the 
parts of an instrument even at known temperatures; but, more 
especially, errors arising from the imperfection of the senses, as 
the imperfection of the eye in measuring very small spaces, of 
the ear in estimating small intervals of time, of the touch in the 
delicate handling of an instrument, &c. 

This distinction between constant and irregular errors is, 
indeed, to a certain extent, rather relative than absolute, and 
depends upon the sense, more or less restricted, in which we 
consider observations to be of the same nature or made under the 
same circumstances. For example, the errors of division of an 
instrument may be regarded as constant errors when the same 
division comes into all measures of the same quantity, but as 
irregular when in every measure a different division is used, or 
when the same quantity is measured repeatedly with different 
instruments. 
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After a full investigation of the constant or regular errors, it 
is the next business of the observer to diminish as much as pos- 
sible the irregular errors by the greatest care in the observations ; 
and finally, when the observations are completed, there remains 
the important operation of combining them, so that the outstand- 
ing, unavoidable, irregular errors may have the least probable 
effect upon the results. For this combination we invoke the 
aid of the method of least squares, which may be said to have 
for its object the restriction of the effect of irregular errors within 
the narrowest limits according to the theory of probabilities, and, 
at the same time, to determine from the observations themselves 
the errors to which our results are probably liable. It is proper 
to observe here, however, to guard against fallacious applications, 
that the theory of the method is grounded upon the hypothesis 
that we have taken a large number of observations, or, at least, a 
number sufficiently large to determine the errors to which the 
observations are liable. 


CORRECTION OF THE OBSERVATIONS. 


3. When no more observations are taken than are sufficient 
to determine one value of each of the unknown quantities 
sought, we have no means of judging of the correctness of the 
results, and, in the absence of other information, are compelled 
to accept these results as true, or, at least, as the most probable. 
But when additional observations are taken, leading to different 
results, we can no longer unconditionally accept any one result 
as true, since each must be regarded as contradicting the others. 
The results cannot all be true, and are all probably, in a strict 
sense, false. The absolutely true value of the quantity sought by 
observation must, in general, be regarded as beyond our reach; 
and instead of it we must accept a value which may or may not 
agree with any one of the observations, but which is rendered 
most probable by the existence of these observations. 

The condition under which such a probable value is to be 
determined, is that all contradiction among the observations is to be 
cemoved. This is a logical necessity, since we cannot accept for 
truth that which is contradictory or leads to contradictory results. 

The contradiction is obviously to be removed by applying to 
the several observations (or conceiving to be applied) probable 
corrections, which shall make them agree with each other, and 
which we have reason to suppose to be equivalent in amount to 
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the accidental errors severally. But let us here remark that we 
do not in this statement by any means imply that an observer is 
to arbitrarily assume a system of corrections which will produce 
accordance: on the contrary, the method we are about to con- 
sider is designed to remove, as far as possible, every arbitrary 
consideration, and to furnish a set of principles which shall 
always guide us to the most probable results. The conscientious 
observer, having taken every care in his observation, will set it 
down, however discrepant it may appear to him, as a portion of 
the testimony collected, out of which the truth, or the nearest 
approximation to it, is to be sifted. 

Admitting, therefore, that the observations give us the best, 
as indeed the only, information we can obtain respecting the 
desired quantities, we must find a system of corrections which 
shall not only produce the desired accordance, but which shall 
also be the most probable corrections, and further be rendered most 
probable by these observations themselves. 


THE ARITHMETICAL MEAN. 


4, In order to discover a principle which may serve as a basis 
for the investigation, let us examine first the case of direct ob- 
servations made for the purpose of determining a single unknown 
quantity. 

Let the quantity to be determined by direct observation be 
denoted by x. (Suppose, for example, to fix our ideas, that this 
quantity is the linear distance between two fixed terrestrial 
points.) If but one measure of x is taken and the result is a, 
we must accept as the only and, therefore, the most probable 
value, =a. Let a second observation, taken under the same 

or precisely equivalent circumstances, and with the same degree 

of care, so that there is no reason for supposing it to be more in 
error than the first, give the value 6. Then, since there is no 
reason for preferring one observation to the other, the value of 
x must be so taken that the differences x — a, x — b shall be 
numerically equal; and this gives 


2=1(a+d) 


This result must be regarded as the only one that can be inferred 
from the two observations consistently with our definition of 
accidental errors; for positive and negative accidental errors of 
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equal absolute magnitude are to be regarded as equal errors and 
as equally probable, since, from the care bestowed on the obser- 
vations and the supposed similarity of the circumstances under 
which they are made, there is no reason @ priori for assuming 
either a positive or a negative error to be the more probable. 

Now let a third observation be added, giving the value c. 
Since the three observations are of equal reliability, or, as we 
shall hereafter say, of equal weight, we must so combine a, b, and 
¢ that each shall have a like influence upon the result; in other 
words, x must be a symmetrical function of a, b, andc. If we 
first consider a and 6 alone, then a and c, then 6 and c, we shal: 
find the values 


3 (a + 6), z(a + ¢), 2(6 + ¢), 


with each of which the additional observation c¢, b, or a is to be 
combined. Each combination must result in the same sym- 
metrical function, which, whatever it may be, can be denoted by 
the functional symbol Wy. We must, therefore, have 


=+[2@ + d), ¢] 
iG dea 
=7[3 (+ ©), a] 


Introducing the sum of a, b, and ¢, or putting 


S=a+t b +e 
these become 
2—=4[(s—o), J=4[s, ¢] 
= 4 [4(s — bd), b] = 4 [s, 6] 
=+[36—a),a] = ¥[s, 4] 


But s is already a symmetrical function of a, b, and c, and there- 
fore these equations cannot all result in the same symmetrical 
function unless c, 6, a, in the respective developments of the 
functions, disappear and leave only s. Hence we must have 


r= (8) 


Now, to determine J, we observe that, as it must be general, 
its nature may be learned from any special but known case. 
Such a case is that in which the three cbservations give three 
equal values, ora —b—=c; and in that ease we have, as the 
only value, x = a, or Ps 

a= 18a; 


METHOD OF LEAST SQUARES. 475 


and, consequently, the symbol y signifies here the division by 3. 
Hence, generally, 

_a+b+e 

=A CNT 


gz 
In the same manner, if it had been previously shown that for 


m equally good observations the most probable value is 


Pe at Caste cree 


m 


it would follow that for an additional observation p we must 
have 


atb+tce+....+n+p 
m+ 1 


for, putting s =a-+ 6+¢-+...+ n-+'p; we shall have 


e=s|— @—p)7]= 467] = 4 ©) ke 


But we have shown that the form is true for three observed 
values: hence, it is true for four; and since it is true for four 
values it is true for five; and thus generally for any number.* 

The principle here demonstrated, that the arithmetical mean 
of a number of equally good observations is the most probable 
value of the observed quantity, is that which has been universally 
adopted as the most simple and obvious, and might well be 
received as axiomatic. The above demonstration is chiefly 
valuable as exhibiting somewhat more clearly the nature of the 
assumption that underlies the principle, which is that, under 
strictly similar circumstances, positive and negative errors of the 
same absolute amount are equally probable. 


5. Lf now n’/, n', n’’....n™ are the m observ-d values of a 
required quantity z, and if x, denotes their arithmetical mean, 
the assumption of z, as the most probable value of zx gives 
n’— xy, 0! — x, n'!’ — x, &e., as the most probable system of cor- 
rections (subtractive from the observed values) which produce 
‘the required accordance. But the equation 

Wie RE es a 


XL, = (1) 


2 m 


* Enoxe, Berliner Astron. Jahrbuch for 1834, p. 262. 
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may also be put under the form 


(nl — atq) + (n!" — x9) + (nl — a) $C — 4) = 0 
that is, the algebraic sum of the corrections is zero. 

This is, however, not the only characteristic of the system of 
corrections resulting from the use of the arithmetical mean. Let 
us examine the sum of the squares of the corrections. For 
brevity, let us denote the corrections, or, as they will be here- 
after called, the residuals, by the symbol v: so that 


ne Loy Se Loy yl! = 7!" — Loy &e. 


and also denote the sums of quantities of the same kind by 
enclosing the common symbol in rectangular brackets: so that 


fv] =o’ + vo" 4 vl” + &e. 


[vv] a vy'y! + oly! | yal! | &e. 


a notation usually employed throughout the method of least 
squares. We have 


fovy = @’ — a)? + @"! — a)? + Ol = Hy ee 


= [nn] — 2 [n] % + max? 


But since we have also 


and 


this equation becomes 
[vo] = [nn] — 2 [ny A 4m LOT 
(3) 


Let x, be any assumed value of 2, giving the residuals 
eee a on aa ai ‘ ty 
v,= n — x, =n" — x, Vv, = n'" — x, &e. 
then, as above, 


[vv] = [nn] — 2 [n] x, 4 ma; 


Substituting in this the value of [nn] given by (3), we find 
[vv] = [vv] + fe’ — 2[n]) x,-+ mx? 
= [ov] +m (I — a, (4) 
m 
= [vv] + m (x — x)? 
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This equation determines the sum of the squares of the residuals 
for any assumed value of z. Since the last term is always posi- 
tive, we see that this sum for any value of «x differing from the 
arithmetical mean x is always greater than [vv]. Hence it is a 
second characteristic of the arithmetical mean, that it makes the 
sum of the squares of the residuals a minimum. 


6. Observations may be not only direct, that is, made directly 
upon the quantity to be determined, but also indirect, that is, made 
upon some quantity which is a function of one or more quanti- 
ties to be determined. Indeed, the greater part of the observa- 
tions in astronomy, and in physical science generally, belong to 


the latter class. Thus, let 2, y, z..... be the quantities to be 
determined, and M a function of them denoted by f, or 
Rs (2, Yee. co.) (5) 


and let us suppose an observation to be made upon the value of 
M. We then have but a single equation between z, y, z.... and 
the observed quantity M, and the problem is as yet indetermi- 
nate. Various systems of values may be found to satisfy the 
equation, either exactly or approximately. Let*us, however, sup- 
pose that the most probable system (as yet unknown) is expressed 


by «=p, ¥— 9,2 =rT...., and let the value of the function, 
when these values are substituted in it, be denoted by V, or put 
Vea i CP. GP as) (6) 


then M— V is the residual error of the observation. In like 
manner, if a number of observations of the same kind be taken, 
in which the observed quantities M’, M’’, M’’’... are functions 
determined by the same elements p, g, 7,...., and if V’, V”, 
v'’....are the values of these functions when 7, g, 7r....are 
substituted in them, then M’—V’, M’—V", M'"’—V""’., 

are the residual errors of the observations. If there are pz 
unknown quantities and also » observations, and no more, there 
will be » equations between the known and unknown quantities, 
which will fully determine the values of these unknown quanti- 
ties: so that the probable values p, g, r....are, in that case, 
those determinate values which exactly satisfy all the equations, 
and, consequently, reduce every one of the residuals M’—V’, 
M"'—V", &c. to zero. But, if there are more than p observations, 
the determinate values found from yw equations alone will not 
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axident] ares im the eheervatien The pebem thea BB 
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wake of the walmown quantity was thet which made the alee- 
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vieasly Gmapelicshike in the preset ca The seoad prinighk, 
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when 4==+ 1. If, then, we denote the probability* of an error 
4 by y, or put 
y= 94 7) 


we may regard this as the equation of a curve, taking 4 as the 
abscissa and y as the ordinate. The nature of this curve will be 
accurately defined when we have discovered the form of the 
function g4, but we can see in advance that a curve such as 
Fig. A is required to satisfy the conditions already imposed upon 


Fig. A. 
Yy 


az 


M EP O PEM 


this function. For its maximum ordinate must correspond to 
4=0; it must be symmetrical with reference to the axis of y, 
since equal errors with opposite signs have equal probabilities; 
and it must approach very near to the axis of abscisse for values 
of d near the extreme limits, although the impossibility of as- 
signing such extreme limits of error with precision must prevent 
us from fixing the point at which the curve will finally meet the 
axis. 


8. The number of possible errors in any class of observations 
is, strictly speaking, finite ; for there is always a limit of accuracy 
to the observations, even when we employ the most refined 
instruments, in consequence of which there is a numerical suc- 
cession in our results. Thus, if 1/’ is the smallest measure in a 


a|s 


* That 1s, if the error J occurs n times in m observations, y = 94 = 
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given case, the possible errors, arranged in their order of magni- 
tude, can only differ by 1/’ or an iatecal number of Pode 
Hence, our geometrical representation ‘should strictly consist of 
a number of isolated points; but, as these points will be more 
and more nearly represented by a continuous curve as we increase 
the accuracy of the observations, and thus diminish the intervals 
between the successive ordinates, we may, without hesitation, 
adopt such a continuous curve as expressing the law of error. 
We shall, therefore, regard J as a continuous variable, and o4 
as a continuous function of it. 

Now, by the theory of probabilities, if g4, gd’, gd’’....... 
are the respective probabilities of all the possible errors 4, J’, 
LOBE Sa. we have* 


g4+ of 4+ gA"”+...... a 


when the number of possible errors is finite. But the assumed 
continuity of our curve requires that we consider the difference 
between successive values of 4 as infinitesimal, and thus the 
number of values of gJ4 is infinite, and the probability of any 
one of these errors is an infinitesimal. To meet this difficulty, 
let us observe that if a finite series of errors 4, 4’, d’’.... be exe 
pressed in the smallest unit employed in the observations, these 
errors, arranged in the order of their magnitude, will be a series 
of consecutive integral numbers; the probability of the error 4 
may be regarded as the same as the probability that the error 
falls between 4 and 4 + 1; and the probability of an error be- 
tween 4 and J +7 will be the sum of the probabilities of the 
errors 4, 4+-1,4+2,..... 4-+-(¢—1). If is small, the pre 
bability of each of the errors from 4 to 4 + 7 will be nearly the 
same as that of 4: so that their sum will differ but little from 
tod. .As the interval between the successive errors diminishes, 
this expression becomes more accurate; and hence when we take 
dd, the infinitesimal, instead of 7, we have g4.dd as the rigorous 
expression of the probability that an error falls between 4 and 
4+ dd. Hence, it follows, in general, that the probability that 
an error falls between any given limits a and 6 is the sum of all 


* For if there are m errors equal to 4, n’ equal to J’, &e., and oy whole a 
of errors is m, the ean 6 of the errors are respectively 64 = = a6 foe Baa KG 
m° 


and the sum of these is SE +: aes ite 
m 
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the elements of the form g4.dd between these limits, or the 


integral 
6 
dh g4.dA 


and this integral, taken between the extreme limits of error, and 
thus embracing all the possible errors, will be 


Si '¢4.d4 =—1 


We have heretofore assumed that the function ¢/ is to be zeru 
for d= +1. It must also be added that, since the probability 
of any error greater than +/ is also zero, we should have to 
determine this function in such a manner that it would be zero 
for all values of 4 from + 1 to + o and from —/to — o. The 
obvious impossibility of determining such a function leads us 
to extend the limits + / to + o, and to take 


JS "94.4 =1 (8) 
This will evidently be allowable if the integral taken from 
+/to +o is so small as to be practically insignificant. Besides, 
the extreme limits of error can never be fixed with precision, and 
it will suffice if the function g4 is such that it becomes very small 
for those errors which are regarded as very large. 


9. Returning now to the general case of indirect observations, 
Art. 6, in which we suppose a quantity M=—/f (z, y, z,....) to be 
observed, let 4, 4’, 4’/’.... be the errors of the several observed 
values of WV, and 94, gd’, gd’’.... their respective probabilities ; 
then, the probability that these errors occur at the same time in 
the given series being denoted by P, we have, by a theorem of 
the calculus of probabilities,* 


Piste A ON SOA’ ie was (9) 


The most probable system of values of the unknown quantities 


* If a single action of a cause can produce the effects a, a’, a’,.... with the re- 
spective probabilities p, p’, p”,.... the probability that two successive independent 
actions of the cause will produce the effects a and a’ is pp’; and similarly for any 
number of effects. Thus, if an urn contains 2 white balls, 3 red ones, and 5 black 
ones, the probability that in two successive drawings (the original number of balls 
being the same at each drawing) one ball will be white and the other red is 7% X 3%. 

Vox. I1.—31 
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2, y, 2.... will be that which makes the probability P a maxi- 
mum. Consequently, since x, y, z.... are here supposed to be 
independent,* the derivative of P relatively to each of these 
variables must be equal to zero; or, since log P varies with P, 
the derivatives of log P must satisfy this condition, and we shall 
have 


which, since 
log P = log ¢4 + log g4'-+ log g4”+..... 


give the equations 


, ” 
oA “+9 A tees Ue + ees fos Savas =— 0 
ax dx 
WAY ; da" 
4." Ae ate ae a 4 ioe eas —0 (10) 
, ’ 
4. “+9 (a. sl oft ape =0 
Zz 
ar &e. 
in which we have p13 
Oana * sa ams ae 


The number of equations in (10) being the same as that of the 
unknown quantities, these equations will serve to determine the 
unknown quantities when we have discovered the value of the 
function g/d, as will be shown hereafter. 

Since the functions g4 and g’4 are supposed to be general, and 
therefore applicable whatever the number of unknown quanti- 
ties, we may determine them by an examination of the special 
case in which there is but one unknown quantity, or that in 
which the observed values M, M’, M’’.... belong to the same 


quantity. In that case, the hypothesis that x is the value of this 
quantity gives the errors 


4=M—z, 4 = M'— x, A’ = M" — x 


eeeee 


* That is, subject to no restrictions except that they shall satisfy the observations, 


or the equations M =f (x, y, z,....). For the case of ‘conditioned’ observations, 
see Art. 58 of this Appendix. 
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whence 
dd dd’ aa" 
dx dx dz 


and the first equation of (10) becomes 
YM — aye el a) +! (Ml = 2) 4 =e (12) 


This being general for any number m of observations, and for 
any observed values M, M’, M’’...., let us suppose the special 
case 


Sr | 


DT er ot = M—mN 


Since the arithmetical mean of the observed quantities is here 
the most probable value of z, we have 


a 


1 
e—=— (M+ M'+ M"+.....) 


1 
=— [M+ (m—1) (M— mN)) 
whence 
M—x=(m—1)N 
Ds ps EY 99 5 oe =i 


and, consequently, (12) becomes 


e [im —1) N] + @—1) ¢(—N)=0 


or, 
ee) Noe Ge) 
(m —1)N —N 

That is, for all values of m, and therefore for all values of (m—1)N, 

¢ [(m—1)N] fe Or) 
we have Ge, equal to the same quantity —— W 
Hence we have generally ee equal to a constant quantity, and. 
denoting this constant by k, we have 

¢4 = ka 
or, by (11), 
eg ga 
gA 

Integrating, 


log gd = $kf’?+ log x 
whence 
gA == eskaa 


in which e¢ is the base of the Napierian system of logarithms. 
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Since g4 must decrease as 4 increases, $/ must be essentially 
negative : representing it, therefore, by — /’, our function becomes 


gA — x e—hhbsA 
To determine the constant x, let this value be substituted in (8), 
which gives 
Ire a | 


Putting 
f= jhA (13) 


4 + co 
af COs = II 
—oa 


The known value of the definite integral in the first member is 
Vx (see Vol. I. p. 153); whence 


this integral becomes 


= h 
ae 


and the complete expression of g4 becomes 


% 


h 
g4 = 7 e—th AA (14) 
The constant ) must depend upon the nature of the observa- 
tions, and will be particularly examined hereafter. If we here 
take it as the unit of abscisseze in the curve of probability, the 

equation (7) becomes 
=a p= AA 
y a Vz é 

by which the curve may be constructed. The values of y for a 

few values of 4 are as follows: 


y, y Diff. A y Diff. 
0.0 | 0.5642 1.6 | 0.0436 inte 
Nee en oe 138 | 00220 ee 
04 | 04808 20 | 00103 >< 

ee (en — (0058 

0.6 | 0.3936 22 | 0.0045 
— ‘0961 _ (0027 

0.8 | 0.2975 24 | 0.0018 
— ‘0899 — ‘0011 

1.0 | 0.2076 Hee 2.6 | 0.0007 
12 | 0.1337 | —- 0008 
Bie. 28 | 0.0002 a 

14 | 0.0795 ie: 8.0. 000010n Game 
16 | 00486 |. —- | coo | 0.0000 
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The curve, Fig. A, in Art. 7, is constructed from this table; but, 
to exhibit its character more distinctly, the scale of the ordinates 
is four times that of the abscisse (which, indeed, corresponds to 
the case of h = 2). We see that the curve approaches very near _ 
to the axis for moderate values of 4, and that the assumption of 
+ o instead of finite limits of 4 can involve no practical error. 
It is evident that the axis XI is an asymptote to the curve. 

The differences in the above table indicate that the curve 
approaches the axis most rapidly at a point whose abscissa is 
between 0.6 and 0.8. The exact position of this point, which 
is a point of inflexion, is found by putting the second differen- 
tial coefficient of y equal to zero, which gives 


jet AND, tsp 
Ch gee a ee en 
whence 
uf 
BES re tM 


The ordinate Mm is drawn at this point. We shall have occa- 
sion to refer to it again hereafter. 


THE MEASURE OF PRECISION. 

10. The constant A requires special consideration. Since the 

1 
exponent of ¢ in (14) must be an abstract number, 7, must be a 
concrete quantity of the same kind as 4. In a class of observa- 
A : : ys lietee 
tions in which 4 is small for a given probability ¢4, i will be 
small, and A will be large. Thus, / will be the greater the more 
precise the nature of the observations, and is, therefore, called by 
Gauss the measure of precision. If in one system of observa- 
tions the probability of an error J is expressed by 
h 


a (SNYINN 


Ve 
and in another, more or less precise, by 


/ 
ae, e—NWvsA 
Vz 


the probability that in one observation of the first system the 
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error committed will be comprised between the limits — 6 and 
+ 6 will be expressed by the integral 


thes pee e— Wha da 


Ep Wee 


and, in like manner, the probability that the error of an observa- 
tion in the second system will be comprised between — 0’ and 
+ 6’ will be expressed by 


1) ae WWAS dA 
hie pe 
Ley 

These integrals are evidently equal when we have hd = h/o’. If, 
for example, we have h’= 2h, the integrals will be equal when 
60 = 20’; that is, the double error will be committed in the first 
system with the same probability as the simple error in the 
second, or, in the usual mode of expression, the second system 
will be twice as precise as the first. We shall presently see how 
the value of h can be found for any given observations. 


THE METHOD OF LEAST SQUARES. 


11. The preceding discussion leads directly to important prac- 
tical results. We have seen (Art. 9) that to find the most probable 
values of x,y,z.... from the observed values of M—/f (x,y,z, ....) 
we are to render the probability P= g4.¢gd4’.gd"’.... a maxi- 
mum, that is, by (14), 


P= hm r—3m E— hh (Ad 4 AA + ANAL...) (15) 


must be a maximum; and this requires that the quantity 
44+ A'd’+ A’ a’ 4-.... should be a minimum. Thus, the prin- 
ciple that the most probable values of the unknown quantities are those 
which make the sum of the squares of the resilual errors a minimum, is 
not limited to the case of direct observations, but is entirely 
general. 

The principle is readily extended to observations of unequal 
precision. For if the degree of precision of the observations 
M, M', M'’.... be respectively h, h’, h’’...., and we compare 
these observed quantities with the values V, V’, V’’...., computed 
with the most probable values of z,y,z...., whereby we obtain 
the residual errors IM —V= 4, M’—V’= 4’...., it is the same 
thing as if we had taken observations of equal precision (repre- 


sented by 1) upon the quantities hM, h’M’, h’’/M"’...., and had 


rd 
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compared them with the computed quantities hV, h’V’,h/’V"...., 
whereby we should have found the errors hM —hV = hd, 
h’M' — h' V'= h'd’...., in which case we should have to reduce 
to a minimum the quantity 


ha’ +- ha + Dia Bites 


that is, each error being multiplied by its measure of precision, and 
thereby reduced to the same degree of precision, the sum of the squares 
of the reduced errors must be a minimum. 

In what precedes is involved the whole theory of the method 
of least squares. I proceed to develop its practical features. 


THE PROBABLE ERROR. 

12. From the preceding articles it follows that the probability 
that the error of an observation falls between J and 4+ ddJ is 
expressed by 

h 


e—mada G4 


_ and the probability that it falls between the limits 0 and a is 
expressed by 
h A=a 
aes —hh 
Va fe is 0 a2 aA 


and this integral expresses the number of errors that we should 
expect to find between the limits 0 and a when the whole num- 
ber of errors is put = 1 [equation (8)]. If we put t= Ad, the 
integral takes the form 


ay 
ear at 
als 


The whole number of errors, both positive and negative, whose 
numerical magnitude falls between the given limits is twice this 


integral, or 
t=ah 
—t 
aa = fie dt (16) 


The value of this integral (which may be computed by the 
methods of Vol. I. Art. 113) is given in Table IX. The number 
of errors between any two given limits will be found by taking 
the difference between the tabular numbers corresponding to 
these limits. Since the total number of errors is taken as unity 
in the table, the required number of errors in any particular case 
is to be found by multiplying the tabular numbers by the actual 
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number of observations. Thus, if there are 1000 observations, 
we find that 


between t=O andt = 0.5 there are 520 errors. 


p= 010 ot Be Oe eee 
“ t=10 “ f=15 * é 122 & 
© t= 15 “te 20 
“ fe ONY Hes 7 “ 5 


13. The degrees of precision of different series of observations 
may be compared together either by comparing the values of h, 
or by comparing the errors which are committed with equal 
facility in the two systems. The errors to be compared must 
occupy in the two systems a like position in relation to the ex- 
treme errors, and we may select for this purpose in each system 
the error which occupies the middle place in the series of errors arranged 
in the order of their magnitude, so that the number of errors which are 
less than this assumed error is the same as the number of errors which 
exceed it. The error which satisfies this condition is that for 
which the value of the integral (16) is 0.5. Denoting the cor- 
responding value of ¢ by p, we find, by interpolation from Table 


we) 


p = 0.47694 


2 p 1 
ash dt = (17) 


If then we denote by r the error which, in any system of obser- 
vations whose degree of precision is h, corresponds to the value 
{= p, or put 


and we have 


= eae 
p=Itt. V—- 


(18) 
there will be a probability of } that the error of any single obser- 
vation in that system will be less than r, and the same proba- 
bility that it will be greater than r; which is sometimes expressed 
by saying that it is an even wager that the error will be less than r. 
Hence r is called the probable error. 

We may, therefore, compare different series of observations 
by comparing their probable errors, their degrees of precision 
being, by (18), inversely proportional to these errors. 


14. In order to apply Table IX. in determining the number 
of errors in a given class of observations, we must know the 
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measure of precision h, or the probable error r: thus, if we 
wish the number of errors less than a, we enter the table with 


the argument ¢ = ah, or t= “ 


For greater convenience, we can employ Table [X.A, which 
gives the same function with the argument =. For example, if 


there are 1000 observations whose probable error is r= 2”, 
and we wish to know the number of errors less than a = 1’’, we 


take from Table IX.A, with the argument ; = 0.5, the number 


0.26407, which multiplied by 1000 gives 264 as the required 
number. 

The following example from the Fundamenta Astronomice of 
Brsset will serve to show how far the preceding theory is sus- 
tained by experience. In 470 observations made by BrapLzry 
upon the right ascension of Sirius and Altair, Bussen found the 
probable error of a single observation to be 


r = 0.2637 
Hence, for the number of errors less than 0’’.1 the argument of 
Table [X.A will be — = ().3792:;and for 0.//2> 0.3.) Weaathe 
. ‘ 


successive multiples of 0.8792. Thus, we find from the table 


for 0”.1 with arg. 0.3792 the number 0.20187 


a OMed cs 0.7584 ae 0.89102 
IK Pes} 43 1.1376 se 0.55710 
Ae! st 1.5168 0.69372 
Ae OGD S 1.8960 ee 0.79904 
ee 2.2792 a 0.87511 
SOON. os 2.6544 sf 0.92661 
08 ee 3.0336 cs 0.95926 
OO 0r9 a 3.4128 tf 0.97866 
tid EU) si 3.7920 a 0.98946 


20 Me 1.00000 


Subtracting each number from the following one, and multiply- 
ing the remainder by 470, the number of observations, there were 
found 


490 APPENDIX. 


No. of errors | No. of errors by 


Between by the theory. experience. 
0”.0 and 0”.1 95 94 
ns Ore 89 88 
(ret) 78 78 
(ues 6 nO 64 58 
0.4 « 0.5 50 51 
ORs aR02.6 36 36 
Onna Ong 24 26 
Chea mies 15 14 
) 8 & ®) & 9 10 
a 5 7 

over 1 .0 5 8 


The agreement between the theory and experience, though 
not absolute, is remarkably close. The number of large errors 
by experience exceeds that given by the theory, and this has 
been found in other cases of a similar kind; which shows at least 
that the extension of the limits of error to + o has not intro- 
duced any error. The discrepancy rather indicates a source of 
error of an abnormal character, and calls for some criterion by 
which such abnormal observations may be excluded from our 
discussions and not permitted to vitiate our results. Such a 
criterion has been proposed by Prof. Prrrcs, and will be con- 
sidered hereafter. 


THE MEAN OF THE ERRORS, AND THE MEAN ERROR. 

15. The selection of the probable error as the term of com- 
parison between different series of observations is arbitrary, 
although it seems to be naturally designated by its middle posi- 
tion in the series of errors. There are two other errors which 
have been used for the same purpose. 

The first is the mean of the errors, these being all taken with 
the positive sign. In order to find its relation to the probable 
error, let us first consider a finite series of errors 

Ad eae 
with the respective probabilities 
2a 2 


—+, —— 


a! 
m m 


> 
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so that in m observations there will be 2a errors (numerically) 
equal to 4, 2a’ equal to 4’, &c., the probability of a positive error 
4 being <. The mean of all these errors, each being repeated 
a number of times proportional to its probability, is 


2a4+ 2a’ 4+ 2a"A"4.... 
m 


eg Og gt 2 eae ce 
m m m 


When the number of errors is infinite, the probability of an 
error 4 is to be understood as the probability that it falls 
between 4 and 4 + dd, which is g4.d4 (Art. 8), and the above 
formula for the mean of the errors becomes the sum of an infi. 
nite number of terms of the form 24g4.dd. Hence, putting 


7 — the mean of the errors, 


we have 
ee h —hhAA 1 
= ae Ad 4 — 19 
7 i Ve ae hy ey 
or, by (18), 
ees r = 2 
ies er eeagere 9r (20) 
r = 0.8453 


Another error, very commonly employed in expressing the 
precision of observations, is that which has received the appella- 
tion of the mean error (der mitilere Fehler of the Germans), which 
is not to be confounded with the above mean of the errors. Its 
definition is, the error the square of which is the mean of the squares of 
all the errors. Hence, putting 


¢ = the mean error, 


we have 
a Teoh 27—hhAd fa, 1 | 
or, by (18), 
‘ 
— — 1.482 
€ a7 6r (22) 
r — 0.67456 


When we put h=1, we have «= 7}. The mean error is, 
therefore, the abscissa of the point of inflection of the curve of 
probability (Art. 9). In the figure, p. 479, OM is the mean error, 
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OP the probable error, O# the mean of the errors, and Mm, Pp; 
Ee, their respective probabilities. 


THE PROBABLE ERROR OF THE ARITHMETICAL MEAN. 


16. The error above denoted by r is the probable error of any 
one of the observed values of the unknown quantity x. We are 
next to determine the relation between this and the probable 
error 7, of the arithmetical mean of these values. 

If 4, 4’, 4’’....are the errors of the observed values, the 
most probable value of z is that which renders the probability 


P=h" x— bm e—hh(dda + AA! + AYA" +...) 


a maximum (Art. 11), and, consequently, the sum 44 + d’d’ 
+....a minimum. But this sum is rendered a minimum by 
the assumption of the arithmetical mean z, as the most probable 
value (Art. 5), and hence the quantity P expresses the probability 
of the arithmetical mean if J, 4’, 4’’....are the errors of the 
observations when compared with this mean. The probability 
of any other value of x, as x, + 0, will be 


P!= hm x—tm e—Mh§ (A—8)2 + (A/—82 + vk 


— fy z—3 m e—hh § [AA]—2[4] 8 + mas } 


Since [4] = 4 = d’-++ 4” =-.... = 0 (Arte 5), and [44] —=mnee 
(Art. 15), this expression may be put under the form 


P! = hm x—}m e—mhh (ce + 88) 
and at the same time we have 


P= h™x—tme—mhhee 
so that 
P: P!’=1:e—mhhss 


that is, the probability of the error zero in the arithmetical mean 
is to that of the error 6 as 1:e—™"%8, For a single observation, 
the probability of the error zero is to that of the error 6 as 
L:e7™%, Hence the measure of precision (Art. 10) of the 
single observation being A, that of the arithmetical mean of m 
such observations is hy/m; from which follows the important 
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theorem that the precision of the mean of a number of observations 
increases as the square root of their number.* 
If, then, 7 is the probable error of a single observation, and ry 
that of the arithmetical mean of several observations, we must have 
7 


and from the constant relation between the mean and the proba- 
ble error (22), 


"9 


é€ 
& 


om 


(24) 


DETERMINATION OF THE MEAN AND PROBABLE ERRORS OF GIVEN 
OBSERVATIONS. 


17. The principles now explained will enable us to determine 
the mean errors of any given series of directly observed quanti- 
ties. Let n, n’, n’’....be the observed values; x, their arith- 
metical mean; v, v’, v’’....the residuals found by subtracting 
ZX) from each observed value: so that 


, , Vie ee, 
V=N— Ly v' = n' — Ly v" = n"' — X,, &e. 


If x) were certainly the true value of x, so that v, v’, v’’.... were 
the actual or (as we may say) the ¢rue errors, and, consequently, 
identical with 4, 4’, 4’’....,we should have, according to the 
above, mee = [44] = [vv], and hence 


(2) 
m 
and this must always give a close approximation to the value of «. 
But the relation mee = [44] was deduced from a consideration 
of an infinite series of errors which would reduce the mean 
error of x, to an infinitesimal, according to the principles assumed, 
and thus make 2, v’, v’’....identical with 4, 4’, 4’... A better 
approximation to the value of ¢, where the series is limited, is to 
be obtained by considering the mean error of x itself, and conse- 
quently, also, the mean errors of the residuals v, v’, v’’..... If 
then we suppose the true value of x to be x) + 0, we shall have 
the true errors 
A=v—d #76 sav — 6, &. 


$$ none, 


* See, in connection, Arts. 21 and 25. 
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whence, observing that [v] = 0, 


[44] == mee == [vv] —2 [vo ae 
= [vv] + me? 


Thus the approximate value mee = [vv] requires the correction 
mo, the value of which depends upon the value we may ascribe 
to 6. As the best approximation, we may assume it to be the 
mean error ¢: so that, by (24), 

&é 

i — me,” SS I == = CE 

m 

which gives 


mee = [vv] + ee 


whence 
ae lvels es ( [ve] 95 
nt a \ on oy 
and consequently, also, by (22), 
pty / (ed a) ‘ gy = 0.6745 (26) 


Thus from the actual residuals the mean and the probable error 
of a single observed value are found. Hence, by (28) and (24), 
the mean and probable errors of the arithmetical mean will be 
found by the formule 


- = 4 m ear 7 = 9 \( m en | ce 


Exampiz.—Let us take the following measures of the outer 
diameter of Saturn’s ring observed by Bussut at the Konigsberg 
Observatory with the heliometer, in the years 1829-1831.* The 
measures, denoted by n, are all reduced to the mean distance of 
Saturn from the sun, and are here assumed to have the same 
degree of precision. 


* Astron, Nach., Vol. XII. p. 169. 
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NT v vv n v 2) | 
38”.91 | — 0.40 | 0.1600 39.41 | + 0'.10 | 0.0100 
89 382} +0 01 0001 39 40 ; + 0 .09 0081 
38 .93 | — 0 .88 1444 39 36 | +0 .05 .0025 
39 .31 0 .00 0000 39 .20 | —0 .11 0121 
39 .17|—0 14) .0196 39 42 ;+ 0 11 0121 
39 .04 | — 0 .27 0729 39 .30 | — 0 .01 0001 
39 .57 | +0 .26 | .0676 39 .41 | + 0 .10 .0100 
39 46 |+0 .15 0225 389 43 | + 0 12 0144 
39 .80 | —0 .01 0001 39 43 | + 0 12 0144 
39 .03 | — 0 .28 0784 39 .36 | + 0 .05 0025 
39 35 ) + 0 .04 .0016 | 389 .02 | —0 .29 0841 
39 .25 | — 0 .06 0036 39 .01 | — 0 .30 .0900 
39 .14 | —0 .17 0289 38 .86 | —0 45 .2025 
39 47 |+ 0 .16| .0256 39 .51 | +0 .20 .0400 
39 .29 | —0 .02 .0004 39 .21 | — 0 .10 .0100 
89 382 |+ 0 .01 0001 39 .17 | — 0 .14 .0196 
39 40 | + 0 .09 0081 39 .60 | + 0 .29 0841 
39 33 | + 0 .02 0004 89 .54 | + 0 .23 .0529 | 
39 .28 | — 0 .03 .0009 39 45 |+ 0 .14 .0196 
89 .62 | + 0.381) .0961 39 .72 | + 0 41 1681 


La 69 Gos [vv] = 1.5884 


Hence, since m = 40, we have, by (25) and (26), 


a c=. (=: 1.5884 |= 0.202 


pee ee : 0.6745 = 0.136 
and consequently, by (23) and (24), or (27), 


Ua Ms 
ae _ 0.032, A ey 


v (40) 


That is, the probable error of a single observation was 0/’.136, 
and that of the final result z, = 39.308 was only 0/7.022. 


& = 


18. The preceding method of finding the probable error from 
the squares of the residuals is that which is most commonly 
employed; but when the number of observations is very great, 
it is desirable to abridge the labor, if possible. A sufficient 
approximation can be obtained by the use of the first powers of 
the residuals as follows. 

The number of observations being very great, we shall pro- 
bably have as many positive as negative residuals. If v’, v’’, 
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v'’... are the positive and », 2, ¥,... the negative residuals, 
and if the true value of x is z, + 6, the true errors will be 
= 8 ol 0, O05 A — Uy Oye Oe, ae 


Tf they are all taken with the positive sign only, the errors are, there- 
fore, 


he On — 0, 0 —— Oe. aNd (Oya Oe OU, Pa 0,) rae 


the mean of which, upon the hypothesis of an equal number of 
positive and negative residuals, is the same as that of the series 


U 


” 
Vv; 


Diese Ms Ss Uys, Uay Oe cite « 


yp 


Hence, denoting the sum of the numerical values of the residuals 
by [v], and the mean of the actual errors by y, as in Art. 15, we 
have 


and hence, by (20), 
r = 0.8453 Ee (28) 
and consequently, also, by (22), 
v 
« = 1.2538 oo (29) 


In the example of the preceding article we find the mean of the 
residuals taken with the positive sign to be 0/’.1555, which by 
(28) gives r= 0/1555 X 0.8453 = 0/7.131, which is perhaps a 
sufficient approximation to the value found above. In this 
example, however, we have 22 positive residuals, 17 negative 
ones, and | zero: so that the hypothesis upon which the formula 
(28) was founded is not strictly applicable. In a larger number 
of observations we should expect a closer agreement with the 
hypothesis, and more accordant results. 

We may, however, employ the first powers of the residuals 
more strictly according to the theory of probabilities. In a 
limited series each residual is to be regarded as liable to a pro- 
bable error r’, and their mean is to be regarded as the mean of 
the errors of the residuals themselves, rather than as the mean 
of the errors of the observations. Hence the formula 


r’ = 0.8453 Lv] 
m 
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gives the probable error of a residual. The relation between 
r’ and r (= the probable error of an observed quantity n) may be 
found as follows. Each observed n may be supposed to be the 
result of observing the mean quantity x, increased by an ob- 
served error v. The probable error of n =x, + v is, therefore 
(by a principle hereafter to be proved), 


r=Voe+ry=y(Z 40) 


whence 
; m 
oats Ae == Ih 
or 
ae eT es (30) 
Vin(m—D] 


which agrees with the formula given by C. A. F. Perers.* Ac- 
cording to this formula, we find in the above example r = 0/’.133. 


DETERMINATION OF THE MEAN AND PROBABLE ERRORS OF FUNCTIONS 
OF INDEPENDENT OBSERVED QUANTITIES. 


19. Suppose, first, the most simple function of two independ- 
ent observed quantities x and z,, namely, their sum or difference 


Baie ey 


and let the given mean errors of x and x, bee and ¢,. Although 
the number of observations by which z and xz, have been found 
may not be given, we may assume it to have been any large 
number m, and the same for each of the quantities; the degrees 
of precision of the two series being inversely proportional to e 
and ¢,. The true errors of the assumed observations may be 


assumed to be— 
LOTT RANE ie 30 ese 


LOE A Agi cds. 3 2) 
and the errors of X, consequently, 
4+4, a3 A, Ate ANT. ches 
Denoting the mean error of X by H, we have, by the definition, 


mi? = (4+ 4,)? -|- (4 + 4)? + ( A" as 4," rivera te 
= [44] + 2 [44,] a [4,4] 


* Astron. Nach., Vol. XLIV. p. 382. 


Vou. II.—32 
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In a great number of observations there must be as many posi- 
tive as negative products of the form 44,, and such that we shall 
probably have [44,] = 0; and since we also have me’ = [44], 
me? =[4,4,], this equation gives 


Bae e (31) 


If we have 
ee Ee ea, 


and the mean errors of 2, “,, Z, are &, &, &, we have by the pre- 
ceding equation the mean error of x + 2, = 7/(¢ + ¢,), and by 
a second application of the same equation, considering x + 2, as 
a single quantity, the mean error of XY will be found by the 
formula 


He=’+e?+ e? (81*) 
and the same principle may be thus extended to the algebraic 


sum of any number of observed quantities. 
In consequence of the constant relation (22), if r,7,, 7, .. 


are the probable errors of x, z,, z,.... and & the probable error 
nee Ey ees , we shall have 
R=r+retre+.... (32) 


ExamptLe 1.—The zenith distance of a star observed in the 
meridian is 


€ = 21° 17’ 20”.3 with the mean error « = 2”.3 
and the declination of the star is given 
6 = 19° 80’ 14”.8 with the mean error ¢, = 0.8 


Required the mean error # of the latitude of the place of obser- 
vation, found by the formula g = ¢-+ 0. We have, by (81), 


B= y/[(2.3) + (0.8)"] = 2.44 


Hence 


g = 40° 47’ 35’.1 with the mean error H = 2’.44 


Exampue 2.—The latitude of a place has been found with the 
mean error ¢ = 0’’.25, and the meridian zenith distance of stars 
observed at that place with a certain instrument has been found 
to be subject to the mean error e, = 0/’.62: what is the mean 
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error £ of the declinations of the stars deduced by the formula 
d=g—f? Wehave 


E= y/[(0.25) + (0.62))] = 0".67 
20. Let us next consider the function 
XA = 


and suppose x has been observed with the mean error e, and a is 
a given constant. Every observation of x with the error + 4 
gives X with the error + ad: so that the mean error of XY must be 


E = ase 


In general, by combining this with the preceding principle, if 
we have 
A=ar+ay+ 4,%,+. 


eudett thesmean errors (Ola, 0), 12,1. «ATE €,, £4, Sis we 5 AOUY 
that of 4, we shall have 


EH? = ae* + are? + ave” + .... = [a’e’] (33) 


and the same form may be used for probable errors. 


ExampiLe.—As an example illustrating the application of both 
the preceding principles, suppose that in order to find the rate 
of a chronometer we find at the time ¢ its correction + 12” 13°.2 
with the mean error 0°.3, and at the time 7’ the correction 
-+ 12” 21°.4 with the same mean error 0°.3, and the interval ¢/ — ¢ 
= 10 days. The rate in the whole interval is 


12” 2194 — 12" 13°.2 — + 802 
with the mean error, according to Art. 19, 
V/[(0.8)? + (0.38)"] = 05.42 


The mean daily rate is then 
89.2 
—_— = 0°.82 
ero oh 


with the mean error, according to Art. 20, 
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91. If x, x, z,.... are the several observed values of the 
same quantity, their arithmetical mean being 


ipo ( 
m 


and if r is the probable error of each observation, what is the 
probable error 7, of x)? By Art. 19, the probable error of the 
sumx+2,t24+....i8 


VPtrt+r+..j)=Y (mr) =rym 
and the probable error of “th of the sum is, by Art. 20, 
iets 
VAL 


as has been otherwise proved in Art. 16. 


1 
Up are SRA a 


22. Let us now take the general case in which I is any fune. 
tion whatever of the observed quantities x, 7,, 7,,.... expressed 
by 

AS (Bee aren) 


Let the variables be expressed in the form 
Les a-e wv, Bie Oy Oe pia) cd Ses Me 


a, G, a,... being arbitrarily assumed very nearly equal to 
Tyeky, Lp. o> TeSPeClively,, and) SUCH tuatna ma. deer may 
be so small that their squares will be insensible. The given 
mean errors ¢, ¢, ¢,... may then be regarded as the mean 
errors of x’, x’, %,'.... The function XY developed by Taytor’s 
theorem is 

aX 


aX 
PL SAG, Ciao = 7! wee 
PAG Bis tN a 


ry af 
a ae Spice 


and the mean error of Y will be that of the quantity 


or, by (88), 


aX Var ne 
ria Js 4 (= ys +(= \ouoe (34) 
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Ori, 1, 7... are.the probable errors of x, z,, -%,..-, and & 
that of ZX, 


daX\. (daX\. [ax 
m—(= J 4 (= Jnt(S Jp pees (34*) 
aaa f Oo) 


This formula is, indeed, but approximative, since we have 
neglected the terms involving the higher powers in the develop- 
ment of 4; but the mean errors of these small terms will be in- 
sensible if we suppose that the errors ¢, ¢,, ¢,... are so small 
that the differences between the observed values x, x, x... 
and the true values are of the same order as the quantities 
x’, X,', x,' ..., which will always be the case where proper care 
has been taken to reduce the accidental errors of observation to 
their smallest amount. If the given function is implicit, as 


OR gO te odin) 


we should still by differentiation obtain the differential coefli- 
cients, and then find the mean error of X by (84). 


Exampie.—The local apparent time at a place in latitude 
gy = 38° 58’ 53/7 was found (Vol. I. Art. 145) from the sun’s 
zenith distance € = 78° 12’ 25/’, when the declination was 
0 = — 22° 50! 27’’, to be t = 2" 47™ 39°.4. What is the probable 
error of this result, supposing the probable errors of the data 
to be— 

Probable error of g =r = 0".5 
“e ee 6 = r —— 0 6 
73 “ —— ips = 3 JF 
The formula 


0 = — cos ¢ + sin ¢g sin 6 + cos¢ cos 6 cost 


expresses ¢ as an implicit function of g, 0, and ¢. We find 
(Vol. I. Art. 35) 


dt 1 
do econ g tan A 
dt 1 
rE i cos 6 tan q 
dt i 


dé ~—cosgsinA 
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where A is the azimuth and q the parallactic angle. We find 
from the data A = + 40° 1’, g = 382° 51’, whence 


di a2, i eer 
de ado dé 


and the probable error of ¢ is, by (84*) 


or, In seconds of time, 
hk 0:47 


23. To complete this branch of our subject, it is to be observed 
that the preceding demonstrations apply only to the case where 
the quantities entering into combination are independent; but 
when they are merely different functions of the same observed 
quantities, the above formule are incomplete. Let us suppose 
that we have X and 4X’, different functions of the same observed 
quantities: 2, 45 °%,, ...., OF 


PG Ba Col Pala hcp Fer Seacc ) 
Ome BG GPR DERG ey oe ) 


the mean errors of x, .x,, x,... being ¢, ¢, ¢,....; and that we 
wish to find the mean error # of the function, 


Y= FCY, 2X) 


If any single observation of z, x,, x, .'... is affected by an error 


0, 0,, 0, .... respectively, the corresponding errors in Y and X’ 
will be— 


Error in X, 4 = ad +a,0, + 4,8, +.... 


t Id ' . 
“ A", 4 = as 4+ a/s,+a/o,+.... 
in which a, a,, a,....are the differential coefficients of XY, and 
a’, a,', a,'.... the differential coefficients of Y’, with reference 
to %, X,, X,.... The corresponding error in Y will be 


A’ = AA 4+ Ad! 


in which A and A’ are the differential coefficients of Y with re- 
ference to X and 1’. The square of the mean error E will be 
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the mean of the squares of all the values of J4’’ which result 
from all the possible values of 0, 0,, 0,.... 
Substituting the values of 4 and 4’, we have 


= (Aa + A’a’)d + (Aa, + A’a,’)6,+.... 
which we may briefly express as follows: 


A = a0 + fo, + 78,4... 


If the number of values of 4’’ is denoted by m, the mean of all 
the values of 4’” will be 


Rad 9 Bae ied [o, = 
2" aa Frmelet: ai = a =F. sis 


In consequence of the various signs of 00,, 00, &c., the mean 
value of each of these quantities will be zero; and the mean 
values of 0°, 0,7, &c. are e”, ¢,7, &. Hence the formula becomes 
simply 

E? = (Aa + A’a'ye? + (Aa, + A’a,’jre?+.... 
or 


E? = A? (atet + are? + . ay elm coal --)) 
4-2 AA (aale + a, Eines (a 
To illustrate by a very simple example, let 
PG IMs Aas 82 
and suppose e = 0.1; then, to find the mean error EH of 
Veer oY) 


we cannot take # = 1/[(0.2) + (0.3)?] as we should if XY and 1’ 
were independent, but by the above formula we must take 


. B= (0.2? + 08%+4+2xK2X8xX OD] = 05 


as in fact we find directly, in this simple case, by first substi- 
.tuting in Y the values of Y and 2’, 
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WEIGHT OF OBSERVATIONS. 


24. Observations of the same kind are said to have the same 
or different weight according as they have the same or different 
mean (or probable) errors. We assume a priori that observations 
will have the same weight when they are made under precisely 
the same circumstances, including under this designation every 
thing that can affect the observations; but whether this condi- 
tion has in any case been realized can only be learned, a pos- 
teriori, from the mean errors revealed by the observations them- 
selves. 

In order to obtain a numerical expression of the weight, let 
us suppose all our observations to be compared with a standard 
fictitious observation the mean error of which is any assumed 
quantity ¢,. Let the actual observations be subject to the mean 
errore. Let it require a number p of standard observations to 
be combined in order to reduce the mean error of their arith- 
metical mean to that of an actual observation, that is, to ¢; or, 
according to (24), let 


a or pe® =e? | (36) 
then one of our actual observations is as good, that is, has the 
same weight, as p standard observations, and the number p may 
be used to denote that weight. If, in like manner, other obser- 
vations of the same kind are subject to the mean error e’, and 
we have 


hal he 2 
Pea 


one of these observations has the weight of p’ standard observa- 
tions, and the weights of the observations of the two actual 
series may be compared by means of the numbers p and p’. 
The weight of the fictitious observation is here the unit of 
weight; but this unit is altogether arbitrary, since it is only the 
relative weights of actual determinations that are to be con- 
sidered. 
It follows immediately, since we have 


ee = pe == pe 
or 


woe (37) 
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that the weights of two observations are reciprocally proportional to the 
squares of their mean errors. 

The measure of precision (Art. 10) and the weight are to be 
distinguished from each other: the former varies inversely as 
the mean error, the latter inversely as the square of this error. 


- 25. To find the most probable mean of a number of observations of 
different weights.—Let n’, n’’, n’’’.... be the given observed 
values; p’, p’’, p’’’.... their respective weights. By the pre- 
ceding definition of the weight, the quantity n’ may be considered 
as the mean of p’ observations of the weight unity, n’/’ as the 
mean of p’’ observations of the weight unity, &e. We may, 
therefore, conceive the given series of observed quantities re- 
solved into a series of standard observations, all of equal weight, 
and then apply to the latter series the principle of the arithme- 
tical mean. The whole number of equivalent standard observa- 
tions will be p’+ p’’+ p’’+....; the sum of the p’ standard 
observations will be p/n’; the sum of the p’’ standard observa- 
tions will be p’’n’’, &.: hence the desired mean 2, will be 


22 pn + pins + on” + Rae 


ep ’ " mr (38) 
Pig tie P -* 
or, more briefly, 

[pn] 
bp SS. Se (38*) 

ala 
This formula shows that although the above demonstration 
implies that p’, p’’, p’’’.... are whole numbers, yet any numbers, 


whole or fractional, may be used which are in the same propor- 
tion; for f being any arbitrary factor, whole or fractional, we 
may write for (38) the following: 


ve Fon + Fp n" + Di le le + er 
Vier te IP «> 


= 
and then fp’, fp’’, fp’’’.... may be regarded as the weights. 
The value of x, is here an arithmetical mean only in the con- 
ventional sense implied in the substitution of fictitious observa- 
tions with uniform weights for the given observations. It may 
be called the general mean, the probable mean or the mean by weights. 
The weight of this general mean, referred to the unit of p’, 


Ti ice ey Ym Dalene pay DAM ae 
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The mean error of the general mean will be expressed by 


& a a 
= Vip tp te +s) VL?) 


where ¢, is the mean error corresponding to the unit of weight. 

If e, isnot given, we shall have to find it from the observations 
themselves. Taking the difference between x, and each of the 
given quantities, we have the residuals 


Wes ple Ley ha Los i Gl Ca 


If ¢’, e’’, e/’... are respectively the mean errors of n’,n’’, n/"’,... 
we shall have, as in Art. 17, 
1 PED 2 
e*= vv --s, 
whence 
pie? =e? = p'v'v' + p'e? 


and, in ike manner, 


= Falal! of p's, 2 
é, o ee as plyltyl" + pits, 2 
&e. 
The number of given values n’,n’’... being =m, the sum of 


these equations is 
= [pov] + Lp] ©’ 


which combined with the above value of «, gives 


Vv 
= V(2 1) (3S) 
and consequently, also, 


oan eee mee a 


Exampie.—Let us suppose that the observations of Saturn’s 
ring in Art. 17 had been given as in the following table, where 
the mean of the first seven observations of Art. 17 is given 
= 39.179 with the weight — 7, the mean of the next following 
four = 39//.285 with the weight = 4, &c, 
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Pp n v vv prv 
7 39”.179 | — 0.129 | .016641 1165 
+ .285 | —0 .028 529 21 
5) 294); —0 .014 196 10 
4 A407} +0 .099 9801 392 
1 410} +0 102 | 10404 104 
3 820) +0 .012 144 4 
3 877 | +0 .069 4761 148 
4 810) +0 .002 4 0 
3 127; —0O .181 | 32761 | 983 
a 448) +0 140 | 19600 1176 
(pla=40 | 2 == 89 2308 [pvv] = .8998 


Here the general mean x, found by (38) of course agrees with 
that found before. For the mean error corresponding to the 
unit of weight (which in this case is that of an observation as 
given in Art. 17), we have, by (39), since m = 10, 


= Al ale an 


and for the mean error of x, by (40), 


3998 E 
et a, ° 83 
*o v (5 ai oc 


which agree sufficiently well with the former values. A perfect 
agreement in the mean errors is not to be expected, since our 
formule are based upon the supposition that we have taken a 
sufficient number of observations to exhibit the several errors 
to which they are subject in the proportion of their respective 
probabilities; and this would require a very large number of 
observations. 


26. In the application of the preceding formule, it must be 
observed that when the weights of different determinations of 
the same quantity are inferred from their mean errors, we must 
be certain that there are no constant errors (that is, constant 
during the observations which compose a single determination) 
before we can combine them together according to these weights, 
unless the constant errors are known to affect all the determina- 
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tions equally and with the same sign. For example, if ten 
measures of the zenith distance of a star are made at one cul- 
mination, giving a mean error of 0/’.4, and five measures at 
another, giving a mean error of 0/’.8, the weights according to 
these errors would be as 4 to 1. But if it is known that the 
errors peculiar to a culmination (and affecting equally all the indi- 
vidual observations at that culmination) exceed 1’’, it would be 
better to regard the observations as of the same weight, since 
there would be a greater probability of eliminating such peculiar 
errors by taking the simple arithmetical mean. If, however, the 
observer, from considerations independent of the observations, 
can estimate the weight of determinations made under different 
circumstances, then it is evident that these weights will serve 
for the combination, if the mean accidental errors of the several 
determinations are sensibly equal. 

But if from the different circumstances we have deduced 
weights for the several determinations, and at the same time the 
mean errors (deduced from a discussion of the discrepancies of 
the observations composing each determination) are widely dif- 
ferent, it is not easy to assign any general rule for reducing the 
weights which shall not be subject to some exceptions. In such 
cases, practical observers and computers have resorted to em- 
pirical formule, involving some arbitrary considerations, more or 
less plausible. 

In many cases we can proceed satisfactorily as follows. Let 


e = the mean accidental error of a single observation, 

7 == the mean error peculiar to a determination which rests 
upon m such observations, 

e = the total mean error of such a determination, 


then, e and 7 being supposed to be independent, we shall have 
ea“ 49 (41) 


If then 7 can be obtained from independent considerations, this 
formula will give the value of ¢, and, consequently, the weight 
for each determination, and the combination may then be made 


by (88). For an example of a discussion according to these 
principles, see Vol. I. Art. 236. 
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INDIRECT OBSERVATIONS. 


27. I proceed now to the application of the method of least 
squares to the solution of the general problem of determining 
the most probable values of any number of unknown quantities 
of which the observed quantities are functions. The observa- 
tions are then said to be indirect. The particular case of direct 
observations, already considered, is, however, included in this 
general problem; being the case in which the number of un- 
known quantities is reduced to one, and this one is directly 
observed. 

The general problem embraces two classes of problems, which 
must be distinguished from each other. In the first class, the 
unknown quantities are independent, in the sense that they are 
subject to no conditions except those established by the observa- 
tions: so that, before taking the observations, any assumed system 
of values of these quantities has the same probability as any 
other system. In the second class, there are assigned, a priori, 
certain conditions which the unknown quantities must satisfy at the 
same time that they satisfy (as nearly as possible) the conditions 
established by the observations. Thus, for example, if the three 
angles of a plane triangle are to be determined from observations 
of any kind, we have, a priori, the condition that the sum of 
these angles must be equal to two right angles, and all the 
systems of values which do not satisfy this condition are excluded 
at the outset. This class will be briefly considered hereafter, 
ander the head of “ conditioned observations ;’”’ but our attention 
will be chiefly directed to the first class, which includes most of 
the problems occurring in astronomical inquiries. 

Again, the equations which the observations are to satisfy may 
be linear or non-linear; the observed quantities may be explicit or 
implicit functions of the required quantities; but, for simplicity, 
we consider first the case of linear equations, to which all the 
others may always be reduced. 


EQUATIONS OF CONDITION FROM LINEAR FUNCTIONS. 


28. Let us suppose the equations between the known and 
unknown quantities are of the form 


ax + by +cz+...... +l=V 
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in which a, 6, c,....l are known quantities given by theory for 
each observation, V is the quantity observed, and z, y, z--..are 
the quantities to be determined. For each observation, we have 
a similar equation, and thus a system such as the following: 


Ca OU == 0 2h reer = =) * 

Q'xe - OY +6 Ce ice eae SS a VU 

ax } by | (hie eer Fae oe Vie (42) 
&e. &e. 


the number of these equations being greater than that of the 
unknown quantities (Art. 6). If our observations were perfect, 
all these equations would be satisfied by the same system of 
values of 7, y,Z...; but, being impertect, let M1’,M", MI. son. 
denote the values obtained by observation for V’, V’’, V’’’..... 
When these values are substituted in the second members of (42), 
there will, in general, be no system of values of x, y, 2.... which 
satisfies all the equations at the same time, and we can only 
determine that system which is rendered most probable by the 
observations. Let us therefore denote by WV’, V’’, V’’’.... the 
values which the first members of our equations obtain when 
any hypothetical or assumed system of values of x, y, z....18 
substituted in them; and put 


‘ eee y , dj mes iA Ad rr wt 
aN = AE, = ay SSN ge en 


then v’, v’’, v’’’....are the errors of the observations according 
to this hypothesis. Finally, let us put 


i = l’— M’, qe t"” — M", GUL ee UM", ic and 


then our equations may be thus expressed : 


awe +tby +eéz+....t+nv =! 

ale + b’y = ee Bats ae 

ax b''y oles aes ni" — at (48) 
&e. &e. 


If our observations were perfect, we should be able to find 
values of x, y, Z.... which would reduce all the quantities v’, v’’, 
v’’’....to zero. It is usual, therefore, to write zero in the second . 
members: 


ve +by +ez2 +....+n) =0 
ave + bly + cz +... +n" = 
ae a by | cls ea ea) (43*) 


&e. &e. 
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and these are called the equations of condition, since they express 
the conditions which the unknown quantities are required to 
satisfy as nearly as possible. We may, however, with more rigor 
regard (43) as our equations of condition, and treat them as 
expressing the general condition that the unknown quantities 
shall be such as to give the most probable system of errors 
vt vl! vll! 

Now, according to Art. 11, the most probable system of values 
of x,y, z....(and, consequently, the most probable system of 
errors) is that which makes the sum of the squares of the errors 
a minimum: thus, we are to reduce to a minimum the function 


[vv] — vio! + yy" + yy! 


Regarding [vv] as a function of the variables z, y, z... (which we 
must remember are here independent), the condition of minimum 
requires that its derivatives taken with reference to each variable 
shall each be zero; that is, 


oa EAT d[vv] 2h ELve tok oaa 
ax dy dz 
or 
dv’ dv" dy” 
Peer g ea (ie ... =O 
dx ise dx a dx aE 
dv’ dv" dy!" 
vy —-+ vy" fy!!! spon =i) 
dy ig dy . dy a (44) 
dv ey. Peau 
— Vv Uv eee) 
dz a dz at dz 
&e. 


(which we might have obtained directly from (10) by substituting 
g/d = kA = kv, and dividing by the constant k). But, by differ- 
entiating the equations (43) with reference to x, y, Z.... succes- 
sively, we have 


es a’ igus: b’ sdk == 
dx ? dy =o ) dz P 
dy" al’ dy" bh! dy" = ¢! 
de ie dz d 

&e &e. &e 


so that (44) are the same as the following: 
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av’ + aly" + Qt + eee ce 0 

b'v' + by" a A eee + tee 0 

dul dl 0" ce 0 (44*) 
&e. 


The number of these equations is the same as that of the un- 
known quantities; and if we now substitute in them the values 
of v’, v'’, vo’... from (48), we have the final or, as we shall call 
them, the normal equations, which determine the most probable 
values of x, y, 2... | 


NORMAL EQUATIONS. 


29. We see by (44*) that to form the first normal equation we 
multiply each of the equations of condition (48) or (43*) by the 
coefficient of x in that equation, and then form the sum of all 
the equations thus multiplied. The resulting equation is called 
the normal equation in z.* The sum of the equations of condi- 
tion severally multiplied by the coefficients of y is the normal 
equation in y, &c. To abbreviate the expression of these sums, 
we put 

[aa] = aa +alva" tava" +.... 

[ab] =a’ + al” + al" +... 

[ac] — ad + a! + Otel + Mite 
&e. &e. 


then the normal equations are 


[aa] x + [ab] y + [ac]z+....+ [an] =0 

[ab] x + [6b] y + [be] 2 +....+ [bn] = 0 

[ac] x + [bc] y+ [cc] 24+....+ [en] = 0 (45) 
&e. &e. 


30. The formation of such normal equations is one of the 
most laborious parts of the computations involved in the method 
of least squares, especially when the number of equations is very 
great.f It is important to have a means of verification, or 
“control,” to insure their accuracy, before proceeding with the 
next important process of elimination. A very simple and 
effective control is the following. 


* The ‘normal equation in x” is so called because it is the equation which deter- 
mines the most probable value of x when the other variables are reduced to zero, oF 
when z is the only unknown quantity; and so of the others. 


iat labor may be abridged by the use of Dr. Cretun’s Rechentafeln, Berlin, 
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Form the sums of the coefficients of the unknown quantities 
in the several equations, namely, 


Ge Pe ee SS 

PATE i ho ES Fn el 

gilt ov te et 4 on sill (46) 
&e. 


If we multiply each of these by its n, and add the products, we 
have 


[an] + [bn] + [en] + .... = [sn] (47) 


Also, multiplying each of (46) by its a, and adding, then each 
by its 0, and adding, and so on, we have 


[aa] + [ab] + [ac] + .... = [as] 

[ab] + [bb] + [bc] +.... = [bs] 

[ac] + [bc] + [cc] + .... = [es] (48) 
&e. 


The equations (47) must be satisfied when the absolute terms of 
the normal equations are correct, and (48) when the coefficients - 
of the unknown quantities are correct. 


31. The normal equations will give determinate values of 
XL, Y, Z...., provided they are really independent. If, however, 
any two of them become identical by the multiplication of either 
of them by a constant, the number of independent equations is, 
in fact, one less than that of the unknown quantities, and the 
problem becomes indeterminate. This difficulty does not arise 
from the method by which the normal equations are formed, but 
from the nature of the given equations of condition. In any 
such case, additional observations are necessary, for which the 
coefficients have such varied values as to lead to independent 
equations. Even when two equations cannot be reduced pre- 
cisely to a single one by the introduction of a constant factor, if 
they can be made very nearly identical, the problem is still prac- 
tically indeterminate. The indetermination will become evident 
in the actual elimination in practice when any one of the un- 
known quantities comes out with so small a coefficient that small 
errors in the observations would greatly change this coefficient. 


(See Art. 52.) | 
Vou. II.—33 
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32. By whatever method the elimination is performed, we 
shall necessarily arrive at the same final values of the unknown 
quantities; but, when the number of equations is considerable, 
the method of substitution, with Gauss’s convenient notation, is’ 
universally followed; but, for the present, leaving the reader to 
choose his method, I proceed to explain the principles by which 
the mean errors of the values of x, y, z....are determined. 


MEAN ERRORS AND WEIGHTS OF THE UNKNOWN QUANTITIES. 

33. Since we have put n’= l’/—M’, n’’ =1’—M", &e. (Art. 28), 
the mean error of n’,7’’,n’"’.... 18 also that of 21’, 1”, M'", 7: 
that is, the mean error of n’, n’’,n/’’.... is to be regarded as the 
mean error of an observation. If the elimination of the normal 
equations were fully carried out, each unknown quantity would 
be finally expressed as a linear function of n’, n’’,n’’’,...., and the 
mean errors of the latter being given, those of the unknown 
quantities would follow by the principle of Art. 20. It results, 
however, from the symmetry of the normal equations that several 
forms may be obtained for computing directly the weights of the 
unknown quantities, and from these weights the mean errors 
can afterwards be found. 


34. First method of computing the weights of the unknown quantities. 
—For simplicity, let us first suppose all the observations to be 
of equal weight, or the mean errors of n’, n'’,n’/’ to be equal. 
Let 

e = the mean error of an observation, 
«== the mean error of the value of x found from the normal 
equations, 
p,—= the weight of the value of x, the weight of an observa- 
tion being unity; 
then (Art. 24) 
2 
i= 

Now, let us suppose the elimination to be performed by the 
method of indeterminate coefficients. Let the first equation of 
(45) be multiplied by Q, the second by Q’, the third by Q”, &e., 
and the products added. Then let the factors Q, Q’, Q”.... 
(whose number is the same as that of the unknown quantities) 
be supposed to be determined so that in this final equation the 
coefficients of all the unknown quantities shall be zero, except 
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that of x, which shall be unity. The conditions for determining 
these factors are, therefore, 


[aa] Q + [ad] Q + [ac] Q@’+....=1 

[ad] Q + [bb] Q + [dc] Q’+....=0 re 

NO EGG ee ae = (49) 
C. &e. 


and the final equation in z is 


x + [an] Q + [bn] OW + [en] OY +....=0 (50) 
Comparing (45) and (49), we see that the coefficients of 
d, VY’, Q’’.... are the same as those of x,y,z...., but that the 
absolute terms are —1 in (49) instead of [an] in (45), and zero 
instead of [bn], [cn], &c. Hence, if the elimination of (45) were 


carried out, and the values of x, y, z.... determined in terms of 
wow ,7'7’...., the values of Q, QO’, Q”’.... would be found from 
these by merely putting [an] — — 1, and [bn] = [cn], &&. = 0. 


This is also evident from (50). I shall now show that @Q is the 
reciprocal of the required weight of z. 

The final value of x being a linear function of n’,n’’,n!”’...., 
the equation (50) may be supposed to be developed in the form 


x taln! + al’n + al!” +....=0 (51) 


mwmien a, 0", a '-~.. are functions of a’, b’,....,a’’, 0’, ...., 65 
and these functions are immediately found by developing [an], 
[on], &c., in (50); for we then have, by comparing the coefficients 
of (50) and (51), 
OPO O)\4.,.. 
a” Q ae b” hate cl! Oils ash 
i HO) ae bp” Q as "Ql! pha ax 
&e. &e. 


(52) 


Multiplying each of these equations by its a, and adding all the 
products, we obtain, by (49), 


aa! + GH + gt +. Pepe if 
Multiplying each of (52) by its 6, and adding, we obtain, by (49), 
b'a’ + ba!’ + Ca + a 0 


and so on for as many equations as there are unknown quantities. 
These relations are briefly expressed thus: 


faa) —1 ieap 0 [ca] = 0, &e. (58) 
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If, then, each of (52) is multiplied by its a, and the results are 
added, we find, by (53), 


[oo] — a? + q!!2 + of? a Q (54) 
But, by Art. 20, when ¢ is the mean error of each of the quan- 
tities n’,n’/’, n/’’,...., the mean error of x found by (51) is 
e, = € p/ [oo] 
Hence 
e? 1 1 
=3=->=5 55 
oy oa [nel Wye e) 


as was to be proved. 

Hence we have a first method of finding the weights. In the 
first normal equation write —1 for the absolute term [an], and in the 
other equations zero for each of the absolute terms [bn], [en], &c.; the 
value of x then found from these equations will be the reciprocal of the 
weight of the value of x found by the general elimination. 

This rule is to be applied to each of the unknown quantities 
in succession, so that the reciprocal of the weight of y is that 


value of y which will be found by putting [bn] =— 1, and 
[an] = [en] = &. = 0; the reciprocal of the weight of z is that 
value of z which will be found by putting [en] = — 1, and 


fan] = on], &e. = 0; &e. 

It is evident, moreover, that although we have deduced the 
rule by the use of indeterminate multipliers, it must hold good 
whatever method of elimination is adopted. 


35. Second method of computing the weights of the unknown quan- 
tities. —If we write the normal equations thus, 


[aa] «+ [ably + [ac]z+....+ [an] =A 

[ab] « + [bb] y+ [be] 24+....+ [on] = B 

[ac] x + [be] y+ [ec] 2+....+ [rn] =C 
&e. &e. 


and perform the elimination, we shall obtain z,y,z....in terms 
of [aa], [ab], &c., and of A, B, CO, &e.; and if in the general values 
thus found we make A = B= C, &c. = 0, these values will be 
reduced to those which would be found by carrying out the 
elimination with zero in the second members of the normal 
equations. If we suppose the elimination performed by means 
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of the indeterminate factors Q, Q’, Q/’.... already employed, the 
final equation for determining x will be 


© + [an]Q + [bn]Q + [en]Q’+....=Q4 +QB+Q'CH.... 


where the coefficient of A is the reciprocal of the required weight 
of xz. But, whatever method of elimination is employed, the 
coefficient of A in this general value of x will necessarily be the 
same; and hence we derive the second method of determining 
the weights: Write A, B, C, &e., instead of 0, in the second members 
of the normal equations, and carry out the elimination (by any method 
at pleasure); then the final values of x, y, z.... are those terms in the 
general values which are independent of A, B, C....; the weight of x 
is the reciprocal of the coefficient of A in the general value of x; the 
weight of y is the reciprocal of the coefficient of B in the general value 
of y; &e. 


36. Third method of computing the weights of the unknown quantities. 
—Let us suppose the elimination to be performed by the method 
of substitution, still retaining A, Bb, C....in the second members, 
as in the preceding article. The final equation in zx, according 
to this method, is found by substituting in the first normal equa- 
tion the values of y, z.... given by the other equations. These 
substitutions do not affect the coefficient of A, which remains 
unity, so long as no reduction is made after the substitutions. 
Thus, the final equation in z is of the form 


Re = T-+ A - terms in B, C,.... 


3 


in which 7 is the sum of all the absolute quantities resulting 
from the substitution, and is a function of [aa], [ab],....[an]. 
Hence the value of x is 


n= = +5 + terms in B, Creren 


in which _ is the final value of x which results when A= B 


=... 0, and 5 is necessarily the quantity denoted by Q in 
the preceding articles. Therefore R is the weight of z, and 
hence we have a third method of finding the weights: Let the first 


normal equation (the equation in x, Art. 29) be taken as the final 
equation for determining x, and substitute in it the values of y, z.... in 
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terms of x as found from the remaining equations ; then, before freeing 
the equation of fractions or introducing any reduction factor, the coeffi- 
cient of x in this equation is the weight of the value of x. In the same 
manner, substitute in the second normal equation (the equation in y) 
the values of x, Z.... in terms of y as found from the other equa- 
tions; the coefficient of y is then the weight of the value of y; and so 
proceed for each unknown quantity. 

According to this method we determine each unknown quan- 
tity, together with its weight, by a separate elimination carried 
through all the equations, in each case changing the order of 
elimination, until every unknown quantity has been made to 
come out the last. The algorithm of this process, with Gauss’s 
convenient system of notation, will be given hereafter (Art. 45). 


37. To find the mean error of observation.—The weight of x being 
found, we have the ratio of ¢, to «, but we have yet to determine 
e, which, in general, cannot be assigned a priori, but must be 
deduced a posteriori, that is, from the observations, and conse- 
quently from the equations of condition. The residualsv’,v’’,v’’’...., 
in (43), are those which result when the most probable values of 
L,Y, Z.... (namely, those resulting from the normal equations) 
are substituted in the first members. The actual or érue errors 
(Art. 17) of observation are, however, those values of the first 
members of (43) which result when the true values of 2, y, 2 
are substituted. 

Let x + az, y + ay, 2 + az,.... be the true values which, sub- 
stituted in the equations of condition, give the true residuals 
w’,ul’,u’’’....; 80 that we have 


aa +ac) +h y tay +e @+ 


a2) fo. =u 
al" (w+ ax) + bY (y + ay) +o" (e+ az) $....n =u" 
ar! OA) x 4 ena 


If these equations be multiplied by a/,a’’,a’”’...., respectively, 
the sum of the products is 


[aa] x + [ab]jy +[ac]z +....4 [an] \ = [au] 
+ [aa] ax + [ab] ay + [ac] az +.... pe 


which by the first of (45) is reduced to 
[aa] ax + [ab] ay + [ac] az +....— [au] =0 
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In the same manner, multiplying each, of the equations (56) by 
its b, c, &c., successively, we form the other equations of the 
following group: 


[aa] Ax + [ab] ay + [ac] az +....— [au] = 0 

[ab] ax + [bb] ay + [bc] az +....— [bu] = 0 57 

[ac] ax + [be] ay + [ec] az +....— [eu] —0 ae 
&e. &e. 


These being of the same form as the normal equations (45), we 
see that the value of az resulting from them will be of the same 
form as that of x resulting from (45), with only the substitution 
of — u for n: hence, by (51), 


Ax — a/u’ — alu” — a//wW"” —....=— 0 (58) 


Again, multiplying (56) by v’, v’’, v’’’...., respectively, the sum 
of the products is, by (44*), reduced to 


[vn] = [vu] 
and in the same manner, from (43), 
[vn] = [v0] 
[vw] = [ve] = [vn] (59) 


The sum of the products obtained by multiplying the equations 
(43) respectively by wu’, u’’, u’’’....18 


whence 


[au] x + [bu] y + [eu] 2 -+.... + [nu] = [vv] = [v0] 


and from (56), in the same manner, 


[au] x + [bu]y + [cu] 2 ie 2 ta 
+ [au] ax + [bu] sy + [cu] az + .... 


which two equations give 
fuu] — [vv] + [au] ax + [bu] ay + [cv] az+.... (60) 


Now, [uu] being the sum of the squares of the true errors of the 
observations, its value is, as in Art. 17, = mee, if we put 


m = the number of observations, 
= the number of equations of condition. 
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Consequently, if we could assume az, ay.... to vanish, we should 
have 


_ ov] 


m 


and this will usually give a close approximation to the value of 
e, but it will give the true value only in the exceedingly impro- 
bable case in which the values of x, y, z.... are absolutely true, 
whereas they are to be regarded only as the most probable ones 
furnished by the observations. This formula, then, must always 
give too small a value of «, since it ascribes too high a degree of 
precision to the observations. We must, therefore, add to [vv] 
the quantities [au] az, [bw] ay, &c., as in (60); but, as we cannot 
assign any other than approximate values of these quantities, let 
us assume for them their mean values as found by the theory of 
mean errors. The mean value of [aw] ax will be found by mul- 
tiplying together 


fau) = ae au + ay” + au mr —-.. 
and Ax = ou! + au ” +o My YM are 


observing that the errors u’,w’’,u’’’...., when we consider only 
their mean values, are to be regarded as having the double sign 


+; so that the mean value of the product will contain only the 
terms a/a/u'u’, a’’a’’u''u’’, &. Hence we take 


[au] Ax = aalu'w ae a aul! ul! + analy!" Pe 


and substituting in this the mean value of w/u’, u’’u’’, &c., which 
in each case is ee, we have 


[au] ax = (a’a’ + aa” 4+ ala!” +....) ee 


or, finally, by (53), 
[au] Ax = ee 


In the same manner, it must follow that ce is the mean value of 
each of the terms [bu] ay, [cw] az, &e. If then we put 


» = the number of unknown quantities, 


the equation (60) becomes 


mee = [vv] + pee | 
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whence 


[vv] = [vv] 
in ae NG a 


(61) 


It is to be observed that when there is but one unknown 
quantity, or # = 1, this general form is reduced to the simple 
one (25), already given for direct observations. 

Finally, p,, p,, P+... denoting the weights of x,y,z... found 
by any of the preceding methods, we have 

€ 5 


e¢ = —— i ; &e. 62 
x VP, y VP, ( ) 


38. ExampLe.—Let us suppose the following very simple equa- 
tions of condition to be given :* 


3x2 + 2y —5z— 5=—0 
444+ y+ 4z—21—0 
— x+ 3y+ 38z—14—0 


Sf but the first three of these equations had been given, the 
problem would have been determinate. We should find from 
18 23 1 
S355 == 7? a 7? 
values as final ones, with no means of judging of their accuracy, 
or of that of the observations upon which the equations are sup- 
posed to depend. A fourth observation having given us our 
fourth equation, we find that the values of x, y, z derived from 
the first three will not satisfy it, for when they are substituted in 


Zz and we should have to accept these 


it the first member becomes — instead of zero. If we deter- 
mine the values of x, y, and z from any three of the equations, 
and substitute these values in the fourth, we shall find a residual. 
Each one of the four systems of values of the unknown quantities 
thus found satisfies three equations exactly, and the fourth 
approximately; but, all the observations being subject to error, 
the most probable system of values can seldom satisfy any one 
of the equations exactly. Hence the necessity of a principle of 
computation which shall lead as directly as possible to such a 
probable system of values; and this principle is furnished by the 
method of least squares. 


* Gauss, Theoria Motus, Art. 184. 
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We are, then, by Art. 29, to deduce from these four equations 
three normal equations, and the values of x, y, 2 which exactly 
satisfy these are to be regarded as the most probable values. 

To form the first normal equation, we multiply the first of the 
above equations of condition by 1 (=a’), the second by 3 (=a’’), 
the third by 4 (=a’’’), and the fourth by — 1 (~a"), and add the 
products. We thus find [aa] = 27, [ab] = 6, [ac] = 0, and 
fan] = — 88. 

To form the second normal equation, we multiply the first 
equation of condition by — 1 (= 0’), the second by 2 (= 6”), the 
third by 1 (= 6’), and the fourth by 8 (= 6"), and add the pro- 
ducts. We thus find [ab]= 6, [6b] = 15, [6c] =1, [bn] = — 70. 

The third normal equation is formed by multiplying the first 
equation of condition by 2 (= c’), the second by — 5 (= ¢’’), the 
third by 4 (= e’’’), and the fourth by 3 (= ec’), and adding the 
products. We find [ac] = 0, [6c] = 1, [cc] = 54, [en] = — 107. 

Hence our normal equations are 


27x + 6by — 8&8—0 
6x + lby+- 2z2— 70=—0 
y + 542 — 107 = 0 


the solution of which gives, as the most probable values, 


= es — 2.470 
19899, 
92 
sai 20 ie 3.551 
Gon 
2 
66383 


In order to determine the mean, and hence also the probable. 
errors of these values, let us first determine their weights accord- 
ing to the preceding methods. 

First. By the method of Art. 34, we first write — 1,0,0, for 
the absolute terms of the three normal equations, and we have 
the three equations for determining the weight of 2, 


270 Gy = 20 
6a + by’ + 2 =0 
y' + B4e! — 0 


in which accents are employed to distinguish the particular 
values from the above general ones. These give 
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which is the reciprocal of the required weight. Hence, 


19899 
eee ts /O4 607 
Pa 309 


In a similar manner, to find the weight of y, we take the 
equations 


272" + by" 1) 
62" + lby”’4+ 2”’—1=—0 
af ae 5Ap! = () 
and find 
tt o4 
1 37 
whence 
ou 
= 13.648 


And to find the weight of z, the equations 


Dang get! + by!” — 0 
6a" + by!" + Al — 0 
yl" Je Aree a) 
which give 
tty 41 
——— — 
2211 
and 
” 
— au 53.927 
rf Al 


Secondly. By the method of Art. 85, we write our normal 
equations thus: 
27x + 6y — 88—A 
6x + lby + z— 70=—B8B 
y + 542 —107 = C 


and, carrying out the elimination as if A, B, and C were known 
quantities, we find 


198992 — 49154 + (809)A—324 B+ 6 


6) 
Tog 26 le 12 A (54) B C 
66332 = 12707 + - 2A— 9 B- (123)C 
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and, therefore, 


49154, : 19899 
IG qaeae with the weight p, = 051 

2617 3 ‘ = eal 
Y= 37" La Tae 
rs C2701 eam le 6633 

6633 - 123 


the same as by the first method. 

Thirdly. By the method of Art. 36, to find x and its weight 
we eliminate y and z from the equation in z (the first normal 
equation) by means of the other equations, employing successive 
substitutions. The last normal equation gives 


which being substituted in the second gives 


809 3673 
sags cl r¢ emcee 
HI Bt A eae 
The value of y from this, namely, 
_ _ 824 3678 
809 809 


being substituted in the first normal equation, and no reduction 
being made, gives 
19899 49154 


0 
809 809 


where the coefficient of x is the weight, and the value of z is the 
same as before found. 

To find y and its weight, we make the second the final equa- 
tion. From the first and third we find 


6 88 
ame he a 
Bee bee iy 
Ca 
which substituted in the second give 
Ta Cae 
Se eae 


where the coefficient of y is its weight. 
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Finally, to find z with its weight, we make the third aormal 
equation the final one. From the first two we find 


9 454 
Je mn OR) te 198 
which substituted in the third gives 


6633 12707 _ 
123 123 


where the coefficient of z is its weight, and its value is the same 
as was before found. 

By a little attention, it will be perceived that the three methods 
involve essentially the same numerical operations. 

We are next to find the mean errors of x, y, and z; for which 
purpose we must first find the mean error of an observation, 
assuming here, for the sake of illustration, that the absolute terms 
of the given equations of condition are the observed quantities, 
and that they are subject to the same mean error. Substituting 
in these equations the above found values of 2, y, and z, we 
obtain the residuals as follows : 


0 


No. v DD) 
1 | —0.249 | 0.0620 
2 | — 0.068 0046 
3 | 4 0.095 0090 
Keen Geo 0048 
m=:4, "== 8, [wv] = 0.0804 
elvol 9.0804 
[I <4) 


Hence, by (61), 
© = V 0.0804 = 0.284 


which is the mean error of an observation, so far as this error 
can be inferred from so small a number of observations. (See 
the next article.) Consequently, the mean errors of x, y, and z 
are as follows: 


= = 9.057 
VP, 
€ 
Seale 
— — 0.039 
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Multiplying these errors by the constant 0.6745, we shall have 
(Art. 15) the probable errors as follows: 


Probable error of an observation = 0.192 


“ “ x — 0.038 
“ se y — 0.052 
(74 74 yes == 0.026 


39. It has already been remarked in the foregoing pages, and 
the remark is especially important in the present connection, 
that the method of least squares supposes in general a great 
number of observations to have been taken, or a number suffi. 
ciently great to determine approximately the errors to which the 
observations are liable. Theoretically, the greater the number 
of observations the more nearly will the series of residuals ex- 
press the series of actual errors, and, consequently, the more 
correct will be the value of ¢ inferred from these residuals. In 
practice, therefore, no dependence should be placed upon the 
mean or probable errors deduced from so small a number of 
observations as we have employed, for the sake of brevity and 
clearness, in the preceding example. Nevertheless, the method 
is, even in this case, the best adapted for determining the most 
probable values of the unknown quantities deducible from the 
given observations, and also their relative degree of precision. 
Thus, in this example, the degrees of precision (denoted by Ah, 
Art. 10) of x, y, and z, being inversely proportional to the mean 
errors, or directly proportional to the square roots of the weights, 
are nearly as the numbers 5, 3.7, and 7.8, so that from the four 
given observations z is about twice as accurately found as y, 
while the precision of xz falls between that of y and z. But we 
can place but little dependence upon the result which assigns’ 
0.284 as the mean error of observation, and 0.057, 0.077, 0.039 
as the mean errors of x, y, and z, because this result is derived 
from too small a number of observations. 


EQUATIONS OF CONDITION FROM NON-LINEAR FUNCTIONS. 


40. Let the relation between the observed quantities V’, V’’, 
y’’’....and the unknown quantities X, Y, Z....be, for the ob- 
servations severally, 

fCCVG. UGE ee 0 

fC CVE VAR ee eet 

TAIRA ONE IZ, eG =O (63) 
&e. 
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Let the values of V’, V’, V’”...., found by observation, be 
WE MY Me =  These-values being substituted, we shall 
have the equations 


f-(Q@l; X,Y,Z...) =0 

EE GEES VGN Hiei a ea) 

FE MEY 2 porns, oO) (64) 
&e. 


from which the values of Y, Y, Z....are to be found. But, as 
we cannot effect the direct solution of these equations according 
to the method of least squares so long as they are not linear, we 
resort to the following indirect process, by which linear equations 
of condition are formed. Let approximate values of XY, Y, Z....be 
found, either by some independent method or from a sufficient 
number of the equations (64) treated by any suitable process, and 
denote these approximate values by 1, Y, 4.... Let the most 
probable values be 


= A, 2, YoY, 9; Lia ES cae cao 


then x, y, z....are the corrections required to reduce our ap- 
proximate values to the most probable values; in other words, 
L,Y, Z.... are the most probable corrections of the approximate 
values, and the method of least squares is now to be applied in 
finding these corrections. 

Substitute the approximate values 1%, Yo, 4...in (63), and 
find, by resolving the equations, the corresponding values of 
V’, V”.... which denote by V,’, V,’’.... These will be func- 
tions which may be thus generally expressed : 


Vi FLUX, Z, s--:) 
Vii = BY CL T,....) 


&e. 


Now, the values of V’, V’’.... which result when the most pro- 
bable values X,+ z, Yoty, A+ z are substituted, and which 
are yet unknown, being denoted by NV’, V’’....we have 


NY ce Coe ae Wo td; Zo eee : 
NY =F"(X+2, Y,+4974+2,-- +) 
&e. 


and by Taytor’s Theorem, when we neglect the higher powers 
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of x, y,Z.... Which are supposed to be very small quantities, we 
have 
d Va d Ve d Ve 
ER & sees 
ZV Vy tae aye ae “hr 
dV! aaa 
Pe? oh 0 0 0 4 4 
N eeu iy ee 
&e. &e. 
d Ve d Vee d Ve d yee 


where , &c. are simply the values of the 


Dinko mi RARE 
derivatives of V’, V’’....found by differentiating (63) with 
reference to each of the variables, and afterwards substituting 
AGMND Gon CHO8 OG Ps ONG, Beatle 

If now we denote the derivatives of V’, V’’.... with reference 
to X by a’, a’’....; their derivatives with reference to Y by 0’, 
Dire Cee 80 that 


N=VJita@x4+0y +ez24.... 
Nes Vr an + by + cz + eee: 


&e. &e. 
and then also put 
vy! — Ni ores MM, yl! — NN" = Si) RAE &e. 
n’ i woe MM", yn" =eV 2 ees HUME Xe. 


our equations become 


ax +by +cez +...+n =v 

ae + b’y + cle +... +n" =v" 

alan | by | "ez | Be. nl” = yl! 
&e. &e. 


in which a’, 6’... a/’, 6”... n’, n’’... are all known quantities; 
and v’, v’/’.... are the residual errors of observation. These 
equations of condition are precisely like those already treated, 
and, being solved by the same method, give the most probable 
values of 2%, y, z...., and hence, also, the most probable values 
Otel RAG ies 

This process rests upon the assumption that the approximate 
values X,, Y), Z,... are already so nearly correct that the squares 
of xv, y,z... may be neglected. But should the values found 
for x, y, 2... show that this assumption was not admissible, the 
computation is to be repeated, starting with the last found values 
4,+2,Y%+y,4+ 2... as the approximate values; and then 
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the corrections which these last require will generally be so small 
that their higher powers may be neglected without sensible error. 
However, should this still not be the case, successive approxima- 
tions, commencing always with the last found values, will at 
length lead to values which require only corrections suitably 
small. 

Even when the given function is already linear, it is mostly 
expedient to follow the general method just given: namely, to 
‘substitute approximate values and form equations of condition 
to determine their corrections. This reduces z, y, z... to small 
quantities, greatly simplifies the computations, and diminishes 
the chance of error. ° 


TREATMENT OF EQUATIONS OF CONDITION WHEN THE OBSERVATIONS 
HAVE DIFFERENT WEIGHTS. 


41. The process above explained assumes that all the observa. 
tions are subject to the same mean error, and hence are all of 
the same weight. The more general case, in which the obser- 
vations are of different weights, is easily reduced to this simple 
case. For, let 


Vet bytez+....4+ nv 


be an equation of condition of the weight p’; that is, one formed 
for an observation of the weight p’. The mean error of an ob- 
servation of the weight unity being ¢,, the mean error of the 


: 5 &. 
actual observation, and, therefore, also of n’, is «’ = —'~ Hence 


the mean error of n’)/p’ is, by Art. 20, equal to ¢’)/p’, that is, 
equal toe, If, therefore, we multiply the equation by 7p’, so 
that we have 


ap a+ vy py + ¢ypie+...+nypavyp 

it becomes an equation in which the mean error of the absolute 
term is the mean error of an observation of the weight unity. 
Hence we have only to multiply each equation of condition by 
the square root of its weight in order to reduce them all to the 
same unit of weight; after which the normal equations will be 
found as in other cases. 

The mean error of observation, found by (61) from the equa- 
tions of condition thus transformed, will be that of an observa- 

Vou. II.—34 


530 . APPENDIX. 


tion of the weight unity, and the weights of the unknown quan- 
tities will come out with reference to the same unit. 


ELIMINATION OF THE UNKNOWN QUANTITIES FROM THE NORMAL 
EQUATIONS BY THE METHOD OF SUBSTITUTION, ACCORDING TO 


GAUSS. 


42. By means of a peculiar notation proposed by Gauss, the 
elimination by substitution is carried on so as to preserve 
throughout the symmetry which exists in the normal equations. 
In order to explain this method, it will be expedient to suppose 
a limited number of unknown quantities. I shall take but four, 
but shall give the process in so general a form that it may readily 
be extended to any number. 

The unknown quantities will be denoted by 


x, Y; i) W, 
and their coefficients in the equations of condition by 
a, b, C, d, 


respectively, with sub-numerals denoting the number of the 
equation or observation upon which it depends, and by 


11) Nay Ney KC. 


the absolute terms of the Ist, 2d, 3d, &. equations respectively : 
so that the m equations of condition (here supposed to be 
reduced to the same weight by Art. 41) will be 


ac+by +ez +dw+tn, =—0 
A,X af boy in Ce = dw oe Ne = 0 
a,c + by + ¢2z + dw tn, =—0 (65) 


a,c + by +¢,2+dwtn, =0 
and the four normal equations formed from these are 


[aa] a + [ab] y + [ac] 2 + [ad] w + [an] =0 
[ab] x + [bb] y + [be] z+ [bd] w + [bn] —0 
[aca + [be] y + [ec] z+ [cd] w + [en] =0 ) 
[ad] + [bd] y + [ed] 2 + [dd] w + [dn] =0 
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The value of x from the first equation is 


Si oa [ab ] Vine: [ac ] : [ad] ‘, [an] 

[aa]” ~~ [aa]” [aa] [aa] 
If this is substituted in the other three equations, we shall pre- 
serve the symmetry of the result by the following notation: 


[bd] — a [ab] = [bd.1] [dd] — a [ad] = [dd.1] 
[bc] — a [ac] = [be.1] [bn] — a [an] = [bn.1] 
[bd] — ne [ad] =[bd.1] [en] — ta [an] = [en.1] 
[ec] — aS [ac] = [ce.1] [dn] — a [an] = [dn.1] 
[ed] — oa [ad] = [cd.1] 


The three equations thus become 


[od.1ljy + [be .1] 24 [bd.1]w + [bn.1]=0 
[bc .1] y +[ce .1]2 + [ed.1] w 4 [en. 1] = 0 \ (67) 
[od.1]y +[cd.1]z2 + [dd.1]w + [dn.1] = 0 


The presence of the numeral 1 is all that distinguishes these 
from original normal equations in y, z, and w. The elimination 
of y will, therefore, be effected in the same manner as that of =. 
Thus, from the first, we have 


_ [be-1], od.) ,, _ (on) 
[od .1] [bd . 1] [dd . 1] 


Y= 


the substitution of which in the other two equations leads to the 
following notation : 


[bc.1] 5] [bc.1] = 
[cc.1] — [0-1] [bc.1] = [ece.2] | [en.1] — [ob 1] [bn..1] = [en.. 2] 
[be . 1] = _ [bd.1] ~ 
[ed.1] — [BT] [bd.1] =[cd.2] | [dn.1] [66-1] [on -1] = [dn.2] 
[dd. 1] — ea [bd .1] =[dd .2] 


[bd . 1] 
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and the resulting equations are 


[cc.2] 2 + [ed .2] w + [en.2] = 0 ; (68) 
[ed.2] 2 + [dd.2]w + [dn.2] = 0 


From the first of these we have 


[ed. 2] i [en . 2] 
a [ec . 2] [ec . 2] 


which, substituted in the second, leads to the following notation : 


er z [ed . 2] =[dd.3] | (dn. 2] — caer en 2] = [an.3] 


and the resulting equation is 


[da .2] — 


[dd .8]w + [dn.3] =0 (69) 
whence 
_ [an.3] 
[dd.3] 


Having thus found w, we substitute its value in the first of (68), 
and deduce z. Then the values of z and w being substituted in 
the first of (67), we deduce y; and finally, substituting the values 
y, 2, and w in the first of (66), we deduce x. These latter substi- 
tutions are made in the numerical computation, but it is not 
necessary to write out here the formule which result from the 
literal substitutions, as it would not facilitate the computation. 

It may be observed that all the auxiliaries [6.1], [bc . 1], [cc. 2], 
&c., may be expressed by the general formula 


Leen Vi utd 
nS for 0) = Lr + DI 


a, 8, y denoting any three letters, and # any numeral. 

For the convenience of reference, the final equations employed 
in the actual computation are brought together as follows, the 
coefficient of that unknown quantity which is found from each 
after the substitution of the values of the others being reduced 
to unity: 


[eye 
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op 1, Wel, Tal, Lando 


: [aa] 4 [aa] [aa] [aa 
beth. [beet]. [on Ay 
Lon pai ee testy [bbl] (70) 
[cd . 2] ices 2 | ee 
a fecsat Gerazel ae 
[dn .3] 


As the number of unknown quantities increases, the number of 
auxiliaries to be found increases very rapidly. If we include the 
coefficients and absolute terms of the normal equations, the 
whole number of auxiliaries is shown in the following scheme :* 


2 


No. of unknown quantities. ......... | Li 


a)4/5|6]7|8 


Romo triliarics ae 2\7 16 | 30, 50 | 77 jai 156 


43. For the purpose of verification, it is expedient to repeat 
the elimination in inverse order, commencing with the last 
normal equation and ending with the first, which will bring out z. 
It will not be necessary to write out the formule for this inverse 
elimination, since when the form for computation has been once 
prepared, it suffices to place in it the coefficients of the normal 
equations in inverse order, and then to proceed with the numeri- 
cal operations precisely as in the first elimination. The unknown 
quantities coming out in the first elimination in the order w, z, 
y, x, they will in the second come out in the order 2, y, z, w. 

This inversion has also the advantage of giving the weights of 
all the unknown quantities with the greatest facility, as will 
hereafter be shown. 


44, A very complete final verification, or “ control,” is obtained 
as follows. Substitute the values of z, y, z, w in the equations of 
condition, and thus find the residuals »v,, v,, v,....U,) or the 
values which the first members assume. Form the sum 


eo Ue Use are Un) 


mm 


* The number of auxiliaries will be, in general, 


i(i+1) (+5) 


2.3 


where 7 denotes the number of unknown quantities. 
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which is also required in finding the mean error of observation 
by (61). Also form the following new auxiliaries : 


[nn] = nn, + nn, + NgNy + ----- Le 


it) Sree == (nn. 1] acai] ee mae 
Preps aa = [nn .2] [nn 8] — eae [nn . 4] 


then, if the whole computation, both of the normal equations 
themselves and of the subsequent elimination, is correct, we 
must have 


[vv] = [nn .4] (71) 
To demonstrate this, we observe first that we have already, by (59), 
[vv] = [vn] 


If now we go back to the equations of condition, and multiply 
each by its , the sum of the products is 


[an] a + [bn] y + [en] 2 + [dn] w + [nn] = [vn] = [vv] 


If this equation be annexed as a fifth normal equation to the 
group (66), and the successive substitutions are made in it as in 
the others, beginning with z, it evidently becomes, successively, 


[on.1] y + [en.1] z+ [dn.1] w + [nn.1] = [vv] 
[en.2] 2 + [dn.2] w 4+ [nn.2] = [vv] 
[dn.3] w + [nn.3] = [vv] 
[nn .4] = [vv] 
which last is the same as (71). 


DETERMINATION OF THE WEIGHTS OF THE UNKNOWN QUANTITIES 
WHEN THE ELIMINATION HAS BEEN EFFECTED BY THE METHOD OF 
SUBSTITUTION. 


45. By the general method explained in Art. 36, the elimina- 
tion would have to be performed as many times as there are 
unknown quantities. It is desirable to have more direct methods. 
When there are but four unknown quantities, we can find their 
weights from the auxiliaries occurring in two successive elimina- 
tions in inverse order. In the first elimination, according to the 
order a, 6, c, d, we find w by substitution in the last norma} 
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equation, and, the coefficient of w being then [dd. 3], it follows, 
by Art. 36, that the weight of the value of w is 


p, = [dd.3] 


In the inverse elimination, in the order d, ¢, b, a, the coefficient 
of x in the final equation, which would be denoted by [aa. 3], 
will be the weight of x, or 


= [aa.3] 


Now, if a third elimination were carried out in the order 2, y, w, Z, 
or a, 6, d, ¢ (the third normal equation now taking the last place), 
we should have the same auxiliaries as in the first elimination, 
so far as those denoted by the numerals 1 and 2; and the equa- 
tions (68) would still be the same, but in the following order: 


[dd.2]w + [cd.2] 2 + [dn.2] = 0 
[ed .2] w 4+ [ec.2] 2+ [cn.2] = 0 


The value of w given by the first of these is 


[ed 2] [dn.2] 
[dd. 2] [dd . 2] 


which, substituted in the second, gives for the coefficient of 2, 


fe. [cd . 2] [ce . 2] 

[ce.3] = [ce.2] — [ad.2] (ed. 2] = [dd.3] x = — [dd.2] 2] 
Therefore we have : 
%A [dd .3] 
Dre) agen 


In the fourth supposed elimination, in the order d, c, a, 6, the 
auxiliaries denoted by 1 and 2 would be the same as in our 
actually performed second elimination ; but in the final equation 
in y we should have for the coefficient of y the quantity 


[bb.8] = [60.2 — FF [ab.2) = [ae.3] x ae 
and, therefore, 
ws [aa .3] 
Hae pe [aa.2] 


Thus, when the elimination has been once inverted, we have 
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found the weights of two of the unknown quantities directly, 
and the weights of the other two in terms of the auxiliaries pre- 
viously used, and in a form adapted for logarithmic computation. 


46. In order to give the above method greater generality, so 
that the reader may be enabled to extend it to a greater number 
of unknown quantities, we remark that the product of the form 


P = [aa] [bd 1] [cc.2] [dd.3]..... 


has the same value whatever order may be followed in the elimi- 
nation. This is the same as saying that it is a symmetrical func- 
tion of a, b, c, d... which is, consequently, not affected in value 
by the permutation of these letters.* Suppose, then, four orders 
of elimination, in which each unknown quantity in turn becomes 
the last, while the order of the remaining three quantities 
remains the same; and, to distinguish the auxiliaries which occur 
in each elimination, let the letter which occurs in the last auxiliary 
be annexed to each of the others; the above constant product 
may thus be expressed in the following four forms: 


P= [aa], (6-1), fee 72), [ad ss] 
= [aa], [60.1], [dd.2], [ce .3] 
= [aa], [ce.1], [dd.2], [00.3] 
= [0b], [cc.1), [dd.2], [aa.3] 


Now, it is evident that each time a new unknown quantity is 
made the last, we do not change all the auxiliaries, but only 
those which involve the letter which has become the last in the 
new order. It is readily seen, therefore, that if we annex a letter 
to those auxiliaries only which have a different value from that 


which is denoted by the same symbol in the first elimination, we 
shall have, simply, 


P= (aa) (ob. A\ [cen 2 \alide aa 
= [aa] [6b.1] [dd.2] [ce 3] 
= [aa] [cec.1] [dd.2], [bd . 3] 
= [bb ] [ec. 1], [dd.2], [aa . 3] 


* The quantity P is, in fact, nothing more than the common denominator of the 
values of x, y, z, w, when these values are reduced to functions of the known quan- 
tities and in the form of simple fractions; and this common denominator must evi- 
dently have the same value whatever order of elimination is followed. 
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from which we deduce 


P. = [dd.3} 


eae 9, Lad. 3] 
psec ve — cera] [dd.2] 
p= 5b 3) Top _[dd.3} (72) 


[ce.1] [dd.2], 
[06.1] [ec. 2] _[dd.3] 


Bote Mase foot 1 [dd.2], 


If this method is applied in the case of six unknown quantities, 
we shall in each of two eliminations have the weights of three 
of the unknown quantities by computing each time but one new 
auxiliary, and, therefore, the weights of all six when the second 
elimination is the inverse of the first. In the case of but four 
unknown quantities, by inverting the elimination we can find 
the weights of z and y twice, and thus verify our work. 


47. If we have but three unknown quantities, the weights are 
determined at the same time with x, y, and z themselves, by a 
single elimination in the order a, 6, c, in which z comes out first 
with the weight 

Pp, = lec. 2] 
and then y and z, with the weights 


[ee . 2] 
(ee. 1] 
[bb.1] [ec. 2] 
ees fee), 


p, = [bb.2] = [bb.1]- 


p= (aa.2) = [aa]: 
in which 


[ceri == (ee) —— a [bc] 


INDEPENDENT DETERMINATION OF BACH UNKNOWN QUANTITY AND 
ITS WEIGHT, ACCORDING TO GAUSS. 


48. Let the four equations (70) be multiplied respectively 
by 1, A’, A”, A’”’, and let these factors be determined by the 
condition that in the sum of the products the coefficients of y, 
z, and w shall be zero. Also, let the last three equations of (70) 
be multiplied respectively by 1, B’, B’’’, and let these factors 
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be determined by the condition that in the sum of the products 
the coefficients of z and w shall be zero. Finally, let the last 
two equations of (70) be multiplied respectively by 1, C’”’, and 
let C’”’ be determined by the condition that in the sum of the 
products the coefficient of w shall be zero. The conditions 
which determine these factors are then 


__ [26] ' 
wuetieet ve a 

__ [ac] [bc. 1) ’ A” 
Som cae Serer ie 


[ad] , [bd.1) 4, , (4-2) gn ge 
© = Taal Foes ay oP eee ¥ 
Re [bent] f 

SaaS _ 

_ (bd-1] , [ed 2) 
~ [bb.1] © [ec.2] 


are [cd.2] mr 
[ee .2] a 


(73) 


B" ob Bu 


and the final values of zx, y, z, w, in terms of these factors, are 
given as follows: 


—" [an] [bn .1] ’ [en .2] ”" [dn .3] m 
Bere faa) is eet - arate Tags] 
ieee [bn .1] 4 [en. 2] Bry [dn . 3] RM 


~ [bb.1] © [ee .2] [dd.3] 


oe [en.2] fi [dn .3] qn 
[ec .2] [dd .3]} 

__ [dn.3] 

Seta) 


(74) 


5 


49. As the equations (73) are above arranged, all the factors 
A are determined from the first system of three equations; the 
factors B from the second system of two equations, &c.; in each 
case, by successive substitution. This method then enables us 
to find each unknown quantity independently of the others. 

Another form may be given to the computation of the auxiliary 
factors. Since in the formation of the equations (74) we have 
regarded [an], [bn], [en], &c. as independent, we must still so 
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regard them when we invert the process and recompose the 
equations (70) from (74). If, then, we multiply the equations (74) 

[ab] [ac] [ad] 
’ [aa} [aa] [aa] : 
to recompose the first of (70), the coefficient of [an] will be Taat 


respectively by 1 


» and add the products in order 


but the coefficients of [bn.1], [en. 2], &c. must severally be equal 
to zero. The same principle will apply when we recompose the 
second equation of (70) from the last three of (74), &e. Hence 
we have 


ay ead 
Via T [aa] 

ee ep (ee 
ei. ©) lanl 

ee ALE [ab ] my [ac] mr [ad] 
== faa} * [aa] [aa] 
eel) GER 

au [bb. 1] 

aoor mr [be : 1) mt [bd : uy 
MP cas [bd.1] ie [bb .1] 

mae mt [cd i 2] 
ee, [ee . 2] 


According to this scheme, we first find A’, B’’, C’”’ from the 
equations in which they occur singly; then, with these factors, 
we find the values of A’’, B’’’, from the equations involving two 
factors, &c. 


50. Again, let us write the 3d, 5th, and 6th equations of (75) 
in the following order : 


Alt + [ab] Bu et [ac] (OMA [ad] — 0 


[aa] [aa] [aa] 
” [bc . 1] qu [bd. [od.1] 
pee [bd. 1° i [od.1] 

nel Cesc 

eas [ec . 2] mh 


Comparing these with the first three of (70), we at once infer 
that A’”’, B’’’, C’’”’ are those values of x, y, z, respectively, which 
we should obtain from our first three normal equations by putting 
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w = 1and omitting the terms in; or, going back to (66), that 
A’, B’’’, C’’ may be determined by the following conditions : 


[aa] A” + [ab] B’” + [ac] C’” + [ad] = 0 
[ab] A” + [6d] B” + [be] 0” + [bd] = 0 
[ac] A” + [bc] B” + [ec] C” + [cd] = 0 
If now we multiply the normal equations (66) by A’””, B’’”’”, 0’, 
and 1, respectively, and add the products, the conditions just 
given will cause x, y, and z to disappear, and the resulting equa- 
tion in w must be identical* with (69): so that A’, B’’’, CO’ 
must also satisfy the following condition : 


[an] A” + [bn] B’” + [en] C’ + [dn] = [dn.3] (76) 
The second and fourth equations of (75) being written as follows, 


» [25] pa, feel _. 
Seen tea 


ey MCC ee 
es (Ob. .q , 


and compared with the first two of (70), we infer that A’’, B’” 
are those values of z and y which we obtain from the first two 
normal equations by putting z—1,w—0, and omitting the 
terms in ; that is, 4’’ and B’’ must satisfy the conditions 


[aa] A” + [ab] B” + [ac] = 0 
[ab] A” + [bb] B” + [be] = 0 


Therefore, if we multiply the first three normal equations (66) by 
A’’, B’’, 1, respectively, and add the products, x and y will dis- 
appear, and, the resulting equation being identical with the first 
of (68), we must also have 


[an] A” + [bn] B” + [en] = [en.2] (77) 
Lastly, it is evident that A’ must also satisfy the condition 
[an] A’ + [tn] = [bn.1] (78) 


From these relations we readily infer general formule for the 
weights of the unknown quantities. 


* The equation (69) is the last normal equation, unchanged except by the substitu- 
tion of equivalents for x, y, and z; and in the present article we eliminate xz, y, and z 
by the use of factors, but do not change the last normal equation, since we multiply 
it by unity. 
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According to Art. 34, the reciprocal of the weight of z is that 
value which we obtain for x if we put [an] = — 1 and [bn] = [en] 
=[dn]— 0. But, under these conditions, the equations (76), 
(77), (78) give 

ida. 8) == A en 2 [bn fee 
In order, therefore, that the value of x given by the first equa- 
tion of (74) may become i we have only to substitute — A’”, 


— A’, — A’, —1, respectively, for [dn. 3], [on. 2], [on. 1], [ar]. 
In the same manner, the weight of y being found by putting 
[én] = — 1 and [an] = [en] = [dn] = 0, we have to put 


[dn .3] = — B"”, [cn .2] = — B", {on.1] =—1 
in the second equation of (74), in order that we may put -- for y 
For the weight of z we have to put : 
igs) cr, (ema oa 
in 
in the third equation of (74), and 7G for z. 
For the weight of w, we have to put 
[dn 5 3] eal 
; 1 
in the last equation of (74), and change w to FE 


w 


The final formule for the weights are, therefore, 


ie 4 Alar ANAU aman 

P, [aa] 2. [0.1] ' [ec.2] ' [dd.3] 

1 1 BURY Br Bie 
Taian Sea [dd . 3] 

iI 1 COMMA phads (79) 
Dey [cers] 2 [dd . 3] 

le teereet 

P.  [dd.3] 


MEAN ERROR OF A LINEAR FUNCTION OF THE QUANTITIES &, y, Z, W. 
50. To find the mean error of the function 


A=fe+ gythz+iw+l (80) 


when x, y, Z, w are dependent upon the same observations. 
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The quantities z, y, z, w not being directly observed, their 
mean errors cannot be treated as independent, as was done in 
the case of directly observed quantities in Art. 22. We might 
proceed by the method of Art. 23; but, as we here suppose 
xr, y, 2, w to have been determined from the normal equations 
(66), we can obtain a more convenient method by the aid of the 
auxiliaries which have been introduced in the general elimina- 
tion. The quantities x, y, z,w being functions of the directly 
observed quantities n’, n’’, n’’’,... the mean error of XY can be 
readily obtained by the principles of Art. 22, if we first reduce 
&X to a function of these observed quantities. For this purpose, 
if the values of x, y, z, w deduced from (70) be substituted in JZ, 
we shall have an expression of the form 


X =k, [an] + k, [bn.1] + &, [en.2] +k, [dn.3] +7 (81) 


in which the coefficients kh, k,, k,, k, are functions of [aa], [a6], 
&c. In order to determine these coefficients, let us substitute in 
this expression the values of [an], [bn.1], &c. given by (70). We 
find 
X=—[aajkx— f[abjky— [ac]lkz— [ad]kw-+l 

— [06.1] ky — [bc.1] kz — [bd.1] kw 

— [ce . 2] k,z — [ed .2] k,w 

— [dd .3] k,w 


which becomes identical with (80) by assuming 


[aa] k, = a 

[ab] k, + [bb.1] k, = —g mel 
[ac] %, +s[be. 1] hea fee, 2) ah | (ez) 
[ad] k, + [bd.1] k, + [cd 2] k, + [dd.8] %, = —i 


These equations fully determine the coefficients. We find k, 
directly from the first, and then k,, k,, k,, by successive substitu- 
tions in the others. 

Now, to find the mean error of X under the form (81), let the 
mean error of each of the observed quantities n’, n’’, n’”’ .... be 
denoted by ¢ (these observed quantities being supposed of equal 
weight, or, rather, the equations of condition being supposed to 
have been reduced to the same weight), and let the correspond- 
ing mean errors of 


[an], [bn .1], [en . 2], [dn . 3], A, 
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be denoted by 
Ey, £,, £,, 
Since we have 


[an] = an’ + a'n’ 4+ an +... 
we have, by Art. 22, 


a (eX). 


iA == [aa] s* 
Again, we have 


[on .1] = [bn] — a jb" =>’ (2 a a)n| 


and hence 
BR? i » [ab Z 
: ; ( : 


cat 2 [ab] [ab }? 
( (201 Tanya + Fea (22) 


o*( (00) — 27 (201) 
= [dd . ie 


In a similar manner, we have, also, 
Be = {ces 21s", Wes [dd 5] < 


The quantities x, y, z, w, being determined from the equations 
(70), their mean errors involve those of the quantities [an], [bn. 1], 
[en.2], [dn.3], precisely as if the latter had been independently 
observed quantities affected by the mean errors just determined. 
Hence also in (81) we regard [an], [bn.1], &. as independent ; 
and it then follows directly from the principles of Art. 22 that 


(CX) = hk? HB? +k? B2 4+ k2Be+ ke Ey 
or 


(eX)? = (k,? [aa] + k,?[bd.1] + &,? [cc. 2] + h,? [dd.8]) «2 (88) 


51. From the preceding article we may easily find the for- 
mule (74) and (79). The function XY becomes x when we assume 
f= lg=h=i=l=0; ay then (81) gives x while (83) gives 


e”, and hence the weight = —-. This hypothesis gives in (82) — 


e? 


laq)-k, = — 1; and the romaine equations of (82) are identical 
with the first three of (73) if we put [00.1] k, = —A’, [ec.2] k, 
_ =— A”, [dd.3]k,=— A’; and then (81) becomes identical with 
the first of (74), and (83) with the first of (79). In a similar 
manner we may deduce the remaining equations of (74) and (79) 
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ExampLe.—lIn order to exhibit the numerical operations which 
the preceding method requires, in their proper order and within 
the limits of the page, I select an example involving but three 
unknown quantities. The following equations of condition were 
proposed by Gauss (Theoria Motus Corp. Coel., Art. 184) to illus- 
trate his method: 

(1) “@— yt2z= 8 
(2) 32+ 2y—bSz= 5 
(3) 4ey+ yt4z2=21 
(4) 2x4 + 6y + 62 = 28 


of which the first three are supposed to have the weight unity, 
while the last has the weight }. Multiplying the last by yi—4 
(Art. 41), the equations of condition, reduced to the same weight, 
are— 

(1) a9 y + 22 3 == 0 

(2) 8x4 +2y—5z2— 5=0 

(3) 4¢4+ y4+4z2—21=0 

(4) —x+3y+4+3z—H4=—0 


The next step is to form the coefficients [aa], [ab], &c., of the 
normal equations. In the present example this can be done very 
easily without the aid of logarithms; but, in order to exhibit the 
work usually required in practice, I shall give the forms for 
logarithmic computation. The sums of the coefficients of the 
unknown quantities will be employed as checks, according to 
Art. 30. Their logarithms, together with those of a, b,c, n, are 
given in the following table: 


log a log 6 loge log s log n 


() 0.00000 | n0.00000 0.80103 0.30103 | n0.47712 
(2) 0.47712 0.30103 | n0.69897 — n0.69897 
(3) 0.60206 0.00000 0.60206 0.95424 | n1.82222 | 
(4) n0.00000 0.47712 0.47712 0.69897 | n1.14618 


It is important, where many operations are to be performed, to 
write down no more figures than are necessary for the clear prose- 
cution of the work. Hence, in combining the preceding 
logarithms it will be found expedient to proceed as follows. 
Write each log a upon the lower edge of a slip of paper; then, 
placing this slip so that log a shall stand over log a, log 8, log e, 
&e., of the same horizontal line, in succession, add together the 
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two logarithms mentally, and, with the sum in the head, take from 
the logarithmic table the corresponding natural number (aa, ab, 
ac, as, or an), which place in a column appropriated for the pur- 
pose. Then write log } in the same manner, and form 0, be, bs, 
bn, and so proceed to form all the coefficients of the normal 
equations, as in the following table: 


[aa] [ab] [ac] [as] [an] [bb] 


Si ot bia pee acai ile id Ee es al (le ia Os 
(1 1.0 1.0] 2.0 2.0 3.0] 1.0 
(2 9.0} 6.0 15.0 0.0 15.0] 4.0 
(3) | 16.0] 4.0 16.0 36.0 84.0] 1.0 
(4) 1.0 3.0 3.0 5.0] 14.0]. 9.0 
10.0] 4.0) 18.0] 18.0] 38.0; 5-0} 14.0/102.0 
27.0) = 6.0 0.0 =.4838:0° | 88.0. 2575.0 
[bs] [bn] [ee] [es] [en] [sn [nn] 
Sr tl Sree emacs! eat ciel Ie aie Cnet Be a eae et = aig 
(1) 2.0] 3.0 4.0} 4.0 : 6.0 6.0 9.0 
(2 0.0 10.0} 25.0 0.0] 25.0 0.0 25.0 
3 9.0 21.0] 16.0] 36.0 84.0 189.0] 441.0 
4)| 15.0 42.0] 9.0] 15.0 42.0 70.0] 196.0 
24.0; 2.0) 3.0] 78.0 55.0] 0.0] 25.0]182.0] 0.0] 265.0 
Be 22.0 1 70.0 44.0] 155.0 - | —. 107.0 == 265.0. 9 | rosa.0) 


Having ascertained that the results satisfy the test equations 
(48), we can write out the normal equations as follows: 


27x + 6y — 8&=0 
6x+15y¥+ %2— 70=—0 
y + 542 — 107 = 0 


We proceed to determine the values of x, y, z, according to 
our general formule, still carrying out the work with logarithms 
for the sake of illustration. Here, again, system and concise- 
ness-are indispensable. The whole computation is given below 
nearly in the form proposed by Encxr. This form corresponds 
to the group of equations (70). It is divided into three principal 
compartments, corresponding, respectively, to the first three equa- 
tions of (70), each beginning one column farther to the right. In 
the first compartment the first line of numbers contains the values 
of [aa], [ab], &c., the second line their logarithms, and the third 
line the logarithms of the coefficients of the first equation. The 
logarithms in this third line are formed by subtracting the first 
jog. in the second line from each of the subsequent ones, for this 

Vor. II.—35 
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purpose writing the first logarithm upon the lower edge of a slip 
of paper. 

In the second compartment, the first line contains the values 
of [6b], [6c], &c.; the second line, the quantities subtractive from 
these, according to the formule in Art. 42. To form these sub- 


a : : b Ste: 
tractive quantities, write the logarithm of Ca (which is here 


9.34679) upon the lower edge of a slip of paper, and hold it suc- 
cessively over log [ab] and each of the subsequent logarithms in 
the same line; add the two logarithms mentally in each case, take 
the corresponding natural number from the logarithmic table, 
and write it in its place below. Subtracting these numbers, we 
have the values of [66.1], [6c.1], &e. The fourth line contains 
the logarithms of these quantities; the fifth, the logarithms of the 
coefficients of our second equation, formed by subtracting the 
first logarithm of the preceding line from each of the subsequent 
ones in that line. 

In the third compartment we have—first, the values of [cc], &c. ; 
secondly, the values of the subtractive quantities formed from 
the last line of the first compartment as before; thirdly, the 
remainders which are the values of [cc.1], &. The fourth line 
contains the values of the quantities which are subtractive from 
the preceding and are formed from the last line of the second 
compartment by adding the first logarithm of that line to the 
logarithm immediately above it and to each of the subsequent 
logarithms in the same line; the fifth line contains the remain- 
ders which are the values of [cc.2], &c.; the sixth line, the loga- 
rithms of these; and the last line, the logarithms of the coeft- 
cients of our third equation. 

For control, we carry through the operations upon [as], [ds], 
&e., precisely as upon the other quantities; and then, according 
to the arrangement of the scheme, we should have, if we have 
computed correctly, each sum containing s equal to the sum of 
the quantities on its left in the same line, together with those of 
the same order in a vertical column over the first number in this 
line. Thus, we must have, in the present case, 


[os.1] = [06.1] + [be.1] [sn .1] = [bn.1] + [en.1] 


[es. 1] = [ee.1] + [be.1] [sw .2] == [en. 2] 
[es 2] == [ee 27 


relations easily proved by means of the formule of Art. 42 com- 
bined with (48). 
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The columns [sn] and [nm] are added to the third compart- 
ment in order to form the quantity [nn.3], from which the mean 
error of observation is to be deduced, as will be shown hereafter. 


[aa] 


[ab] 


+ 27.000 |+ 6.000 
1.43136 


— 88.000 


0.77815 
9.34679 


[bb] 


[ae] [as] 

1.51851 

0.08715 
[bs] 


[bc] [bn] 


[an] 
0.000 |+ 83.000 |— 88.000 


0.000 |+ 15.000 |+ 1.000 |+ 22.000 |— 70.000 


+ 21.805 


— 66.695 
n1,82409 
logz = 0.39273 


+ 1.833 | 0.000 |+ 7.388 |— 19.556 
+ 18.667 |+ 1.000 |+ 14.667 |— 50,444 
1.18566] 0.00000} 1.16688] 1.70281 
8.86434] 0.03067] 0.56715 
[ec] [es] [en] [sn] [nn] 
— 50.444 |+ 54.000 |+- 55.000 |— 107.000|— 265.000)+ 671.000 
+ 1.916 0.000 0.000 0.000|— 107.555|+- 286.818 
— 48.528 |+ 54.000 |-+ 55.000 |— 107.000|— 157.445! 384.187 
n1.68599]+ 0.073 |+ 1.073 |— 38.691/— 54.135/+ 186.191 
log y = 0.55083|-+ 53.927 |+ 53.927 |— 103.309|— 108.310|+ 197.996 
1.73181 n2.01414 + 197.909 


log (— z) = n0.28238 [nn. 3] = + 


0.087 


After z has been found, its value is substituted in the secona 
equation of (70), and y is deduced. Then, the values of y and z 


being substituted in the first equation, we find x. 


The 


computations are given above in the margin. 
Then, for the weights, by Art. 47, we have first to find the 
additional auxiliary 


[bc] 


and by the formule of that article we have— 


[60] 
+ 15.000 
1.17609 


[ec. la] — 


[bc] 
4+ 1.000 
0.00000 


8.82391 


[ec] 
+ 54.000 


4+ 0.067 


numerical 


[ee 1], = [ee] — [0d] [bc)} 
log [6b.1] 1.13566 | log [ec.2] 1.78181 
log [b0)} 1.17609 | log [ce.1] 1.78239 | 
log [ee.1l]a 1.78185 

1.48136] 1.18566 1.73181 
9.95957 | 9.99942 log p, 
9.99996 | 1.13508 
1.39089 


+. 53.988 


log p, 


log Dp; | 
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The final result is then 


x = + 2.4702 with the weight 24.597 
y= + 3.5508 « «18.648 
Pe Longe «53.927 


It only remains to substitute the values of 2, y, and z in the 
original equations of condition, to form the residuals v, and from 
these to determine the mean error of observation. Since here 
there are but three unknown quantities, we have, by (71), 


[vv] = [nn. 3] 


and hence the mean error of an observation of the weight unity 
is, by (61), m being the number of equations of condition, 


c= \( Eis. = 0.295 


Ti) == 8 


The direct computation of the residuals is, therefore, not necessary: 
for determining ¢: nevertheless, it is desirable in most cases to 
resort to the direct substitution also, not only for a final verifica- 
tion, but in order to examine the several observations, and to 
obtain the data for rejecting any doubtful one by the use of 
Perrrce’s Criterion, to be given hereafter. This direct substitu- 
tion has already been carried out for this example on p. 525, 
where we have found [vv] = 0.0804, which agrees with the above 
value of [nn.38] as nearly as can be expected with the use of five- 
decimal logarithms. 


52. It not unfrequently happens that one of the unknown 
quantities is such that the given observations cannot determine 
it with accuracy. For example, in the reduction of a number 
of observations of an eclipse, one of the unknown quantities is a 
correction of the moon’s parallax; but, unless the places of ob- 
servation be remote from each other, the correction will be very 
uncertain, and this uncertainty will affect all the other quantities 
which enter into the equations of condition. In such a case, this 
unknown quantity will come out with a small coefficient, which 
of itself will reveal the existence of the uncertainty when it is 
not otherwise anticipated. In order that this uncertainty may 
not affect those quantities which are well defined by the obser- 
vations, it is expedient to determine all the latter as functions of 
the uncertain quantity, which for that purpose must be made the 
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Jast in the elimination. Thus, with four unknown quantities 
r, ¥, 2, W, we proceed only as far as the auxiliaries denoted by 
the numeral 2; then, having found the factors A’, A’, A’””, B”’. 
Bi’, C'"’”, by (78) or (75), if we put 


,__ [an] Orr i LO 2) ae 

ee lee aA) eee 
joe VOR ere Lee 2, 

et te DOr Lil ona oy 
po [CBB] 

Be eA 


these will give the values of the unknown quantities which we 
should obtain from the first three normal equations if the last 
unknown quantity were disregarded or put = 0. Then, by (74), 
the final values of x, y, z, as functions of the uncertain quantity 


w, will be 
“= a! + Al’'w 
y = yf + Bw \ (85) 
ea 2) + CYw 
The values of x’, y’, 2’, will thus be well determined, and a sub- 
sequent independent determination of w will enable us to find 
the final values of x, y, z.* 

Having found the weights of 2’, y’, z’ (which is done as if they 
were the only quantities under consideration), and their mean 
errors ¢,’, ¢,’, ¢,’, then, when the quantity w is afterwards found, 
the mean errors of the final values will be 


e!? Bis (Ale)? 
eft + (Bie)? } (86) 
: e,” el COREE 

as we find from the equations (79), or by Art. 20. 


x 


ee 

@? 
y 

e 


Il Wl ll 


CONDITIONED OBSERVATIONS. 


58. In all that precedes, we have supposed that the severar 
quantities to be found by observation, either directly or indirectly, 
were independent of each other. Although they were required 
to satisfy certain equations of condition as nearly as possible, yet 
they were so far independent that no contradiction was involved 
in supposing the values of one or more of them to be varied without 


* For an example in which three unknown quantities are thus determined as 
functions of two uncertain quantities, see Vol. I. p. 540. 
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varying the others. By such variations we should obtain sys- 
tems of values more or less probable, but all possible. 

There is a second class of problems, in which, besides the 
equations of condition which the unknown quantities are to 
satisfy approximately, there are also equations of condition which 
they must satisfy exactly: so that of all the systems of values 
which may be selected as approximately satisfying the first kind 
of equations, only those can be admitted as possible which satisfy 
exactly the equations of the second kind. The number of these 
rigorous equations of condition must be less than the number of 
unknown quantities; otherwise they would determine these 
quantities independently of all observations. These rigorous 
equations, then, may be satisfied by various possible systems of 
values, and we can therefore express the problem here to be con- 
sidered as follows: Of all the possible systems of values which exactly 
satisfy the rigorous equations of condition, to find the most probable, or 
that system which best satisfies the approximate equations of condition. 

The following are simple examples of conditioned observations. 
The sum of the three angles of a plane triangle must be 180°: so 
that if we observe each angle directly, and the sum of the observed 
values differs from 180°, these values must be corrected so as to 
satisfy this condition. The sum of the angles of a spherical 
triangle must be 180°-+ spherical excess. The sum of all the 
angles around a point, or the sum of all the differences of azimuth 
observed at a station upon a round of objects in the horizon, must 
be 860°. 

The approximate conditions in these cases are expressed by 
the observations themselves; for the final values adopted must 
correspond as nearly as possible to the observed values. The 
corrections to be applied to the observed values are to be re- 
garded as residual errors with their signs changed ; and the solu- 
tion of our problem is involved in the following statement: Of 
all the systems of corrections which satisfy the rigorous equations, that 
sysiem is to be received as the most probable in which the sum of the 
squares of the residuals in the approximate equations is a minimum. 


54. The general problem as above stated may be reduced to 
that of unconditioned observations, already considered. For let 
us suppose there are m/ rigorous equations of condition, and m 
unknown quantities. From these m’ equations let the values of 
m’ unknown quantitie. be obtained in terms of the remaining 
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m —m/’ quantities, and let these values be substituted in all the 
approximate equations of condition; then there will be left in the 
latter only m—m/ quantities, which may be treated as independ- 
ent, so that, the approximate equations being now solved by the 
method of least squares, we have the values of the m — m’ quan- 
tities, with which we then find the values of the first m’ quan- 
tities. This is a general solution of the problem; but it is not 
always the simplest in practice. I shall illustrate it by a simple 
example, before giving a method applicable to more complicated 
cases. 


Exampie.—At Pine Mount, a station of the U.S. Coast Survey, 
the angles between the surrounding stations 1, 2, 3, 4 were 
observed as follows: 


weight 
1.2 | Joscelyne—Deepwater......... 65° 11’ 52”.500| 3 
2.3 |Deepwater—Deakyne.......... 66 24 15 5538] 38 
3.4 | Deakyne—Burden............. Si. ..2. 24.703) 3 
4.1 | Burden—Joscelyne............. 141, 2120 for A 


There are here four unknown quantities subjected to the single 
rigorous condition that their sum must be 360°. But, instead of 
taking the angles themselves as the unknown quantities, we shall 
assume approximate values of them, and regard the corrections 
which they require as the unknown quantities. 
We assume 

1.2 | Joscelyre—Deepwater, 65° 11’ 52”.5+ w 

2.3 | Deepwater—Deakyne, 66 24 15 .5+4 2 

3.4 | Deakyne—Burden, 87 224 7+ y 

4.1 | Burden—Joscelyne, 141 21 21 .8+42 


the sum of which must satisfy the condition 
359° 59 54”5 +wtaty+z—360° 
wtoetyt2z—5”"5=—0 


The difference between the assumed value and the observed 
value in each case gives us a residual; and the approximate 
equations of condition are, therefore, 


or 


w —QO —0 
ie == VES Sa) 
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We have here but one rigorous condition (vc m’=1), and to 
eliminate this we have only to find from it the value of one un- 
known quantity in terms of the others, and substitute it in the 
approximate equations of condition: thus, substituting the value 


OS pees 


our equations of condition, containing now three independent 
unknown quantities, are 


weight. 
: fy et 65 = 0S 
x —0.053=0)| 8 
y —0.0083=0] 8 
z—0.048=0]| 1 


The normal equations, applying the weights, are then 
6x + 8y + 32 — 16.659 — 0 
3x2 + by + 32 — 16.509 = 0 
Ba -+ By + 4¢ — 16.457 — 0 


which, being solved, give 


x = + 0.9675 
y= +0 9175 
z=-+ 2 .7005 
whence also 
w= + 0.9145 


and the corrected values of the angles are 


1.2 | Joscelyne—Deepwater.......... 65° 11’ 53.4145 
2.3 | Deepwater—Deakyne........... 66 24 16 .4675 
3.4] Deakyne—Burden............... 87 2 25 6175 
4.1| Burden—Joscelyne.............. 141 21 24 .5005 


360 0 0 .0000 


55. When the number of unknown quantities is great, or when 
there are several rigorous conditions to be satisfied, the preceding 
method would lead to very tedious computations, since we are 
required to perform two eliminations, the first from our m’ 
rigorous equations to find the first m’ quantities in terms of the 
others, and the second from our normal equations involving all 
the remaining quantities. In order to obtain the general form 
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for a more condensed process, let the most probable values of a 
number (m) of directly observed quantities be 
v',0", 0", &e.... 
Let the observed values be 
M’, M", M", &.... um 


Let these observations have the weights 


‘De a, ipa. &e. ass poe 


Let the equations which the most probable values are required 
to satisfy rigorously be expressed by 


¢g’ ie ( KS Vai; Seis fae 9) — 0 

yg” athe ( Vs, Ve, Las ye 2) — 0 

gl" Se ( es VS pe. re . — 0 
&e. 


(87) 


and let 
m’ — the number of these conditions. 


Let the most probable corrections of the observed values be 


Big Oi Cie. 
so that 


V= M' + , Way — M" + ie Ale — Mm + Ue &e. 


Let the values of g’, g’’, g’’’... when the observed values are 
actually substituted be n’, n/’, n’”’... or 


oh (mM, Ms, M"", A 3) =n 

hi. (mM, 5! be EVE fe. 9) ce ny" 

fe (M’, MM. STIS me ») — nil! (88) 
&e. 

U , ” ” 
Let the differential coefficients a ae cs ae ee &e. be 
formed; substitute in them the values M’, M", MM’... for V’, 
Vv", V’’’, and denote the resulting values by a’, a’’, &., b’, 6”, 
&e.; that is, put 


Ul , 
dg a eae a’, dg al’, &e. 
dv’ ave ay" 
d ” dg" dg" 
a SS ae SUN ere eet 
dg!" Leer dg!" me cl, dg!” os dl", aan 


Ge. RACE ay” 
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These values of the differential coefficients will generally be suf- 
ficiently exact; but if MM’, M’’, M'’... are found very greatly in 
error, a repetition of the computation might be necessary, in 
which the more exact values found by the first computation 
would be used. 

The values of M’, M"’, M’” ... being assumed to be so nearly 
correct that the second and higher powers of the corrections v’, 
v’’, v’’’...may be neglected, we have at once, by TayLor’s 
Theorem, as in the similar case of Art. 40, 


n! ae a’! ae Cee al”'v eS s amy™ — 0 

a ak bv’ 28 by" ae By ~+ Hmym —— 0 

n! hot ey + ev ” me ey mt +. .+ C™Mym) — 0 
&e. ro 


” 


) ! 


(89) 


Ours Se 


which m’ equations must be rigorously satisfied by the values of 
hes Ur, yl! me 
The equations 


V' pas M' — 0, Vi Te HY RE = 0, VAM wns» TY LLY — 0, &e. 
are the approximate equations of condition; or, more strictly, 
We mee M' — (oe Vu ews. MM" — ws NAM Toss HY MAM — foe &e. 


are the equations of condition which are to be satisfied by the 
most probable system of residuals v’, v’’, v’//’.... These, reduced 
to the unit of weight by Art. 41, become 


CV? = M") VP — vy P', GV — Mae Vp — ULV ASS, &C. (90) 


and the most probable residuals v’)/p’, v/’)/p’’ are those the sum 
of whose squares is a minimum, or we must have 


po? + ply’? + pv"? + &. = a minimum. 


Putting, then, the differential of this quantity equal to zero, we 
have 


p'v'dv' + piv" dv" =o peerage” ++ &e. — 0 (91) 


If v’, v’’, v/’’... were independent of each other, each coeffi- 
cient af this ccaetion would necessarily be zero (as in Art. 28), 
and then the most probable values of V’, V’’, V’’’... would be 
the directly observed values M’, WM", M’”’... ‘Bue ae minimum 
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is here conditioned by the equations (89). If, then, we differen 
tiate (89), the equations 


a'dv' + a”dv" + adv" + ....=0 

b'dv' + b’dv"” + Od” + ....=0 

edu’ + ed" + ed” +....=0 (92) 
&e. 


must coexist with (91). 

The number of the equations (92) is m’, while the number of 
differentials is m; and since, by the nature of the case, we must 
have m > m’, we can, by elimination, find from (92) the values 
of m’ differentials in terms of the remaining m — m/’ differentials. 
Let us suppose this elimination to be performed, and that the 
values of the first m’ differentials, found in terms of the others, 
are then substituted in (91); we shall thus have an equation in 
which the remaining m— m’ unknown quantities can be regarded 
as independent, and the coeflicients of these m — m’ quantities 
in this final equation will then severally be equal to zero. We 
can arrive directly at the result of such an elimination and sub- 
stitution as follows. Multiply the first equation of (92) by A, the 
second by B, the third by CG, &c., and also the equation (91) by 
—1,and form the sum of all these products. Then, if A, B, 
C....are determined so that m’ differentials shall disappear 
from the sum (and they can be so determined, since it only 
requires m’ conditions to determine m’ quantities), the final 
equation obtained will contain only the m — m/ remaining differ- 
entials. But, the latter being independent, their coefficients must 
also be severally equal to zero; and hence we have, in all, the 
following m conditional equations: 


vdA +B +¢C +....—p’ =0 

aA +W"B+e’C+....—p'v” =0 

OL. + bb” B -+- UG! + Bee — ply" — 0 (93) 
&e. &e. 


If we multiply the first of these by “ 7 the second by — oF &e., and 


add the products, we have, by comparison with the first equation 


of (89), 
eal ile le+[Flet $n! =0 
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in which the usual notation for sums is followed. In this way 
we can form m/ normal equations containing m’ quantities, 
namely, 


Fit? +|F “Je uy tH =0 


ab bb Wie es 
je ]4+[2la+[F Slot... +e er as 
Vac be cc 
matt 5 hey] B Oto npc m— () 
a A Ee | " pe 
Xe. 


If the observations are of equal weight, we have only to put 
p = 1, or, in other words, omit p. 

The factors A, B, C...are called by Gauss the correlatives of 
the equations of condition. 

The equations (94) being resolved by the usual method of 
elimination (Art. 42), the values of the correlatives found are 
then to be substituted in (93), whence we obtain directly the 
required corrections, 


Rete 


v= WA +UB +¢0 +...) 
1 
a= =e (a A b’B CLO wap 
p@ALYB +I +...) Gs 
aie — = (aA + UB + CLE: + Pas S} 
&e. &e. 


and hence, finally, the most probable values of the observed 
yuantities, V’= M’+ vo’, V’= MM" + ov", &e. 
The comparative pica of this process will best be shown 


by applying it to the example of the preceding article. We 
there have given, by observation, 


M' = 65° 11’ 52.500, p' =8 
M" = 66 2415 558, pp” = 

Mi" = 8%. 2 24 708, “pias 
MM = 1A 2121760, es 


with the condition 


ial sea te Vit AE Ves 3 6020 


METHOD OF LEAST SQUARES. 557 


We have, first, 


and when M’, M’’, &e. are put for V’, V’’, &., we have (88) 
n= — 5" 487 


As we have but one condition, we have also but one correlative 
A; the equation of condition is, by (89), 


“re 5” 487 ae y! Ae yl ail yl! ah, viv — 0 


and the single normal equation may be constructed according to 
the following form : 


2A — 5.487 = 0 
A = + 2.7435 
and hence, by (95), 


Corrected values. 


ve = + 0.9145 V' = 68° 11’ 53”.4145 

v” = + 0.9145 V" = 66 24 16 4675 

v= + 0.9145 Vz 8T §2°25>,610 

vv — + 2.7485 Vv — 141 21 24 5005 
360 0 0 


agreeing with the result found by the much longer process of 
the preceding article. 


56. The further prosecution of this branch of the subject 
belongs more especially to works on Geodesy. For more ex- 
tended examples, see the special report of Mr. C. A. Scnorr in 
the Report of the Superintendent of the U.S. Coast Survey for 
1854, from which the above example has been drawn. Consult 
also Bussut’s Gradmessung in Ostpreussen in 1838; ROSENBERGER, 
in the Astronomische Nachrichten, Nos. 121 and 122; Busssrt, ibid. 
No. 488; T. Gattoway, Application of the Method to a Portion 


558 APPENDIX. 


of the Survey of England, in the Memoirs of the Royal Astronomi- 
eal Society, Vol. XV.; J.J. Bayur’s Kistenvermessung; FiscHer’s 
Geodesie; GurLIne’s Auszleichungs Rechnungen; Diuneur’s Aus- 
gleichung der Beobachtungsfehler; Liacru, Calcul des Probabilites ; 
and Gauss, Supplementum theorie combinationis, &e. 


CRITERION FOR THE REJECTION OF DOUBTFUL OBSERVATIONS. 


57. It has been already remarked (p. 490) that the number of 
large errors occurring in practice usually exceeds that given by 
theory, and that this discrepancy, instead of invalidating the 
theory of purely “accidental” errors, rather indicates a source 
or sources of error of 4n abnormal character, and calls for a 
criterion by which such abnormal observations may be excluded. 
The criterion proposed by Prof. Perrcn* will be given here with 
the investigation nearly in the words of its author, and with only 
some slight changes of notation. 


58. “In almost every true series of observations, some are 
found which differ so much from the others as to indicate some 
abnormal source of error not contemplated in the theoretical 
discussions, and the introduction of which into the investigations 
can only serve, in the present state of science, to perplex and 
mislead the inquirer. Geometers have, therefore, been in the 
habit of rejecting those observations which appeared to them 
liable to unusual defects, although no exact criterion has been 
proposed to test and authorize such a procedure, and this delicate 
subject has been left to the arbitrary discretion of individual 
computers. The object of the present investigation is to produce 
an exact rule for the rejection of observations, which shall be 
legitimately derived from the principles of the Calculus of Pro- 
babilities. 

“It is proposed to determine in a series of m observations the limit of 
error, beyond which all observations involving so great an error may be 
rejected, provided there are as many as n such observations. 

“The principle upon which it is proposed to solve this problem 
is, that the proposed observations should be rejected when the probability 
of the system of errors obtained by retaining them is less than that of 
the system of errors obtained by their rejection multiplied by the proba- 
bility of making so many, and no more, abnormal observations. 


* Astronomical Journal (Cambridge, Mass.), Vol. II. p. 161. 
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“In determining the probability of these two systems of errors, 
it must be carefully observed that, because observations are 
rejected in the second system, the corresponding observations of 
the first system must be regarded, not as being limited to their 


actual values, but only as surpassing the limit of rejection.” 
Let 


y = the number of unknown quantities, 

m = the whole number of observations, 

n == the number of observations proposed 
to be rejected, 

n’ = m — n, the number to be retained, 

4, M4’, 4”, ... 4” = the system of errors when no observa- 
tion is rejected, 
4,, 4, 4,”,... 4, = the system of errors when n observa- 
tions are rejected, 
e, €, = the mean errors of the first and second 
system, respectively, 

y =the probability, supposed unknown, 
of such an abnormal observation that 
it is rejected on account of its magni- 
tude, 

y' = 1— y= the probability that an ob- 
servation is not of the abnormal cha- 
racter which involves its rejection, 

% = the ratio of the required limit of error 
for the rejection of n observations to 
the mean error e, so that ze is the 
limiting error. 


The probability of an error 4 in the first system will be, by (14) 
and (21), 


1 a2 


A) = == FET 
3 e/f2n 


and the same form will be used for the second system. 
The probability of an error which exceeds the limit xe will be 
expressed by the integral (Arts. 6 and 12) 


A=o 
2 f° edad 
A=Ke 
or, denoting this by yx, 


A=>o A2 
Lx = fi if é€ 3a ad 


46 f 
C1 ATS Nene 
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; 4 
which, by putting ¢ = ee becomes 


a - tt dt 
meee f Cm 
Vz ieee: 
v2 


and this may be found directly from Table IX. by subtracting 
the tabular number corresponding to ¢ = — from unity. 


The probability of the first system of errors, embodying the 
condition that n observations exceed the limit xe, is 


yx \” 
Pe Anes ei ( ) 
: y (xe) 
il = A2— 1x2 2 ; 
=a 
ee 7) ai 


in which 34?7= 4?+ Jd?+....(4™)?; and by (61) we have 
24° —(m — 4) 6, whence 


pe 1 etm +m + ne) (qn) 


gt (27)3” 


The probability of the second system of errors is 


In ’ ” yy” Ste 
Ps == OMe .94,. 9A, 94, a — oY (2nd C2 e2 
vy" sews) 
a (ame 


To authorize the proposed rejection of n observations, we 
must have 
P<P, 
which gives at once 


iS 


(2) erne—1) (ax) xe yr yl”! 


The value of y must be determined by the condition that Ls 
is a maximum, and therefore y'y’” = y" (1 — y)" is a maximum. 
Taking the logarithm of this quantity, and putting its differential 
equal to zero, we obtain for the maximum 


/ 


yy i1-y 
n, nl nt 
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whence 
n Pas 
fins ‘er oan 
Putting then 
Sy (eee on ce 
Tr = yy” = — \ Os 
oe!) (yn) 


the limiting value of x, according to the above inequality, must 
be that which satisfies the equation 


ie i R* —T7" 
S 
which gives the required criterion. 

The relation of ¢, to e must depend on the nature of the equa- 
tions which correspond to the rejected observations; but it will 
give a sufficient approximation to assume that the excess of 34? 
over 34,’ is only equal to the sum of the squares of the errors of 
the rejected observations, which gives the equation 


(m — p)&? — nve? = (mM — np — n)c? 
whence 


(2) m — p— nx 
Uh Ss = 10. 


which combined with the above equation gives 


ie (= ee T \_2n 
—— m—n 
m—p—n R 


Putting, for brevity, 


Gel 2n 
he — cams I — 70 Si 
is CD) 
we find 
¢—l=2—A—* 2) (98) 


Table X.A gives the logarithms of Tand &, computed by (96) 
with the aid of Table IX. We can, therefore, by successive 
approximations, find the value of * which satisfies the equations 
(97) and (98). Since # involves x, we must first assume an ap- 
proximate value of x (which the observed residuals will suggest), 
with which # will be computed by (97), and hence x by (98). 

Vou. 11.—36 
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With this first approximate value of x, a new value of log & will 
be taken from the table, with which a second approximation to 
x will be found. Two or three approximations will usually be 
found sufficient. 

In the application of this criterion, it is to be remembered 
that it must not be used to reject 2 observations unless it has 
previously rejected n — 1 observations. Hence we must first de- 
termine the limiting value of x for the hypothesis of one doubtful 
observation, or n = 1, and if this rejects one or more observa- 
tions, we can pass to the next hypothesis, n = 2, or n = 38, Xe. ; 
and so on until we arrive at the limit which excludes no more 
observations. 

The above arrangement of the tables is nearly the same as 
that given by Dr. B. A. Gounp,* who was the first to prepare 
such tables and thus render the criterion available to practical 
computers. The only difference is in my table of Log. 7, which 
[ have found in practice to be more convenient than the corre- 
sponding one of Dr. GouLp. 


Exampie.—‘ To determine the limit of rejection of one or 
two observations in the case of fifteen observations of the vertical 
semidiameters of Venus, made by Lieut. Hernpon, with the 
meridian circle at Washington, in the year 1846.” In the reduc- 
tion of these observations, Prof. PetrcE assumed two unknown 
quantities, and found the following residuals (v): 


— 0.30 — 0".24 — 1" 40 + 0.18 
—0 .44 4+ 0 .06 — 0 22 4+ 0.39 
+1 01 + 0 .63 — 0 .05 4+ 0 10 
40 48 70018 +0 .20 


We have here m = 15, p = 2, [wv] = 4.2545, whence 


42 
aes —_ — 0.3278, = 0.572 


We first try the hypothesis of one doubtful observation, or 
n—1. Assuming x = 2, the successive approximations may 
be made as follows: . 


“ Report of the Superintendent of the U.S. Coast Survey for 1854, Appendix, p. 
181*; also Astron. Journal, Vol. IV. p. 81. 
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Ist Approx. 2d Approx. 
Table X.A. log 7 8.404 8.4044 
“log 9.309 9.3062 
log 4 9.095 9.0982 
2n 1 : 
Wa log # = 9.871 9.8712 
log (1 — 4?) 9.410 9.4093 
ean fa = 12 log12 1.079 1.0792 
log (x? — 1) 0.489 0.4885 
log x? 0.610 0.6106 
x 2.02 2.020 


Hence ze = 1/’.16, which excludes the residual 1/’.40. 


We may now try the hypothesis n = 2. 


with the assumption x = 2, we have—- 


1st 2d 


Approx. | Approx. 
log 7’ | 8.7210 | 8.7210 
log R | 9.309 | 9.3622 
log — | 9.412 | 9.3588 
log 22 | 9.819 | 9.8027 
log (1 — 4”) | 9.5381 | 9.5624 
log = 0.740 | 0.7404 
log (x? —1) | 0.271 | 0.8028 
log x? | 0.457 | 0.4788 
x | 1.69 1.734 


38d 


Approx. 


8.7210 
9.3544 


9.3666 
9.8051 
9.5582 
0.7404 


0.2986 
0.4755 
1.729 
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Commencing again 


4th 
Approx. 


&.7210 
9.3553 


9.3657 
9.8048 
9.5587 
0.7404 


0.2991 
0.4758 
1.7295 


Hence xe = 0/’.989, which excludes the residuals 1/’.40 and 1’’.01. 

If we now try the hypothesis n = 3, we shall find, in the same 
manner, xe = 0/.887, which does not exclude the residual 0/’.63: 
so that the residuals 1/’.40 and 1/’.01 are in this case the only 
Rejecting these residuals, we shall now find 


abnormal ones. 


e, = 0/7.339.* 


59. In order to facilitate the application of Purren’s Criterion 


* For another example, in which there were four unknown quantities, and 7 
which the criterion ws very useful, see p. 207 of this volume. 
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in tne cases most commonly occurring in practice, Table X. (first 
given by Dr. Goutp) has been computed by the aid of the log 7 
and log R, according to the preceding method. 

The first page of this table is to be used when there is but 
one unknown quantity (“= 1), or for direct observations. It 
gives, by simple inspection, the value of x’ for any number of 
observations from 3 to 60, and for any number of doubtful obser- 
vations from 1 to 9. 

The second page is used in the same manner when there are 
two unknown quantities (uv = 2). 


Exampie.—Same as in the preceding article-—Having found, 
as above, <2= 0.3273, we first take from Table X. for » = 2 the 
value of x” corresponding to m = 15 and n = 1, and find 


x? — 4.080, whence x? — 1.3354, “ei 1/516 


which rejects the residual 1/’.40. 
Then, with m = 15, n = 2, we find, from the same page, 


7 == 2.991, we == 0.9790, xe == 0" 989 


which rejects the two residuals 1/’.40 and 1/’.01. 
Passing, then, to the hypothesis n = 3, we find 


2 —= 2.408, xi? — 0.7865, xe — 0.887 
which does not exclude any more residuals. 


60. The above investigation of the criterion involves some 
principles, derived from the theory of probabilities, which may 
seem obscure to those not familiar with that branch of science. 
Indeed, the possibility of establishing any criterion whatever for 
the rejection of doubtful observations, by the aid of the calculus: 
of probabilities, has been questioned even by so distinguished an 
astronomer as Arry.* It is easy, however, to derive an approxi- 
mate criterion for the rejection of one doubtful observation, directly 
from the fundamental formula upon which the whole theory of 
the method of least squares is based. 

We have seen that the function 


* Remarks upon Prircx’s Criterion, Astronomical Journal (Cambridge), Vol. IV. 
p. 187. Professor Wrnnock’s reply to the objections of the Astronomer Royal will 
be found in the same journal, Vol. IV. p. 145. 
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t’ 
Q(t’) = Se e—" at 


(the value of which is given in Table EX. A) represents, in general, 
the number of errors less than a4 = rt’ which may be expected to 
occur in any extended series of observations when the whole 
number of observations is taken as unity, r being the probable 
error of an observation. If this be multiplied by the number of 
observations =m, we shall have the actual number of errors less 
than rt’; and hence the quantity 


m —m.O(pt") = m[1 — O(pt')] 


expresses the number of errors to be expected greater than the 

limit r/’. But if this quantity is less than 4, it will follow that 

an error of the magnitude ré’ will have a greater probability 

against it than for it, and may therefore be rejected. The limit 

of rejection of a single doubtful observation, according to this simple 

rule, is, therefore, obtained from the equation 
}=m[1 — O(t')] 

or 

2m—1 

2m 
If we express the limiting error under the form xe, ¢ being the 
mean error of an observation, we shall have 


Q(pt’) = (99) 


a Ae — 0.6745¢' (100) 
With the value of O(pt’) given by (99), we can find # from Table 
IX.A, and hence x by (100). 


Exampie.—To find the limit of rejection of one of the obser- 
vations given on p. 562. We there have m = 15, e = 0.572; 
and hence, by (99), ©(et’) = 0.96667, which in Table LX.A cor- 
responds to ¢/ = 3.155, whence, by (100), x = 2.128, xe = 1/’.22, 
which agrees very nearly with the limit found by Prtrcz’s 
Criterion. 

By the successive application of this rule (with the necessary 
modifications), it may be used for the rejection of two or more 
doubtful observations, and I have, by means of it, prepared a 
table which agrees so nearly with Table X. that, for practical 
purposes, it may be regarded as identical with that table. For 
the general case, however, when there are several unknown 
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quantities and several doubtful observations, the modifications 
which the rule requires render it more troublesome than PEIRCcE’s 
formula, and I shall, therefore, not develop it further in this 
place. What I have given may serve the purpose of giving the 
reader greater confidence in the correctness and value of PErrcr’s 
Criterion. 


TABLES 


[Norr.—The very complete collection of tables and formule prepared 
by Dr. ALBRecuHrT, of the Prussian Geodetic Institute, may be consulted 
with advantage. The title of the work is Formeln und Hilfstafeln fiir 
Geographische Ortsbestimmungen, nebst Kurzer Anleitung zitr Ausfiihrung 
derselben. (Leipzig, 1879, 8vo, pp. 240.)] 


For the explanation of the construction and use of these tables, con- 
sult the articles referred to below. 


Tasie I. Mean Refraction. (Explanation, Vol. I. Art. 107.) 


« II. A, B, C, D, E, and F, Besset’s Refraction Table. (Vol. I. 
Arts. 107, 117, 119; and Vol. II. Arts 294, 295.) 


“III. Reduction of Latitude and Logarithm of the Harth’s 
Radius. (Vol. I. Arts. 81, 82.) 


“« IV. Log A and “og B, for computing the Equation of Equal 
Altitudes. (Vol. I. Arts. 140, 141.) 


“ V. Reduction to the Meridian. Values of 


2 sin? 4¢ 2 sint 44 
= = z and i= = 2 
sin 1” sini’ 


(Vol. I. Arts. 170, 171.) 
« VI. Logarithms of mand n. (Vol. I. Arts. 170,171.) 


« WII. A and VII. B. Limits of Circummeridian Altitudes. (Vol. 
I. Art. 175.) 


«“ VIII. and VIII. A. For reducing transits over several threads 
to a common instant. (Vol. II. Arts. 178, 187.) 


« “TX. andIX. A. Probability of Errors. (Appendix, Arts. 12, 14.) 


“«  X. and X. A. Perrce’s Criterion for the Rejection of doubtful 
Observations. (Appendix, Arts. 58, 59.) 


TABLES FOR CORRECTING LUNAR DISTANCES. 
« XI. Dip of the Sea Horizon. (Vol. I. Art. 124.) 
« XII. Augmentation of the Moon’s Semidiameter. (Vol. I. Art. 
130.) 


“ XIII. Correction of the Moon’s Equatorial Parallax. (Vol. I. 


Art. 97.) 
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Tape XIV. Mean Reduced Refraction for Lunars. (Vol. I. Art. 249.) 


«“ XIV. A. Correction of the Mean Refraction for the Height of 
the Barometer. (Vol. I. Art. 249.) 


“« XIV. B. Correction of the Mean Refraction for the Height of 
the Thermometer. (Vol. I. Art. 249.) 


ow XV. Logarithms of A, B, C, D, for correcting Lunar Dis- 
tances. (Vol. I. Art. 249.) 


“« XVI. Second Correction of the Lunar Distance. (Vol. I. Art. 
249.) 


XVII. A and B. For finding the Correction of the Lunar Dis- 
tance for the Contraction of the Moon’s Semidiameter. 
(Vol. I. Art. 249.) 


“ XVIII. A and B. For finding the Correction of the Lunar Dis- 
tance for the Contraction of the Sun’s Semidiameter. 
(Vol. I. Art. 249.) 


«XIX. For finding the value of N for correcting Lunar Dis- 
tances for the Compression of the Earth. (Vol. I. 
Art. 249.) 


oe XX. Correction required on account of Second Differences of 
the Moon’s Motion, in finding the Greenwich Time 
corresponding to a Corrected Lunar Distance. (Vol. 
I. Art. 66.) 


n 
nw 


TABLE I, Mean Refraction. 


Barometer, 30 inches. 


Fahrenheit’s Thermometer, 50°. 


Apparent 
Zen. Dist. 


Mean 
Refraction. 
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Mean _ | Apparent 
Refraction] Zen. Dist. 
, ” fo} / 
© 0.0] 48 0 
0) 51.0 20) 
©: 2.0 4() 
o 3.1, 49 0 
Oo 4.1 20 
Qe Gan 4() 
o 6.1} 50 0 
On e7.2 20 
e) 40 
e 49:2) 3b 0 
© 10.3 20 
O 11.3 40 
0 12.4] 52 0 
Oni335 20 
© 14.5 40 
o 15.6; 53 0 
© 16.7 20 
° 17.3 40 
°o 18.9} 54 0 
© 20.1 20 
© 21.2 40 
°o 22.4] 35 0 
© 23.6 20 
© 24.7 40 
025.9} 56 0 
O 27.2 20 
° 28.4 40 
o 29.7] 57 0 
© 31.0 20 
© 32.3 40) 
Ce) SRO) Gta KY 
© 35.0 20 
© 36.4 40 
© 37.8} 59 0 
oO 39-3 20 
© 40.8 40 
o 42.31 60 0 
© 43-9 20 
© 45-5 40 
o 47.2} G61 0 
° 43.9 20 
© 50.6 40 
© 52.5, 62 0 
© 53-1 10 
© Bey 20 
© 54.3 30 
© 55-0 40 
° 55.6 50 
© 56.2] 63 0 
© 56.9 10 
© 57.6 20 
© 58.2 30 
© 53.9 40 
© 59.6 50 
1 03] 64 0 
I 1.0 10 
it ey 20 
ip By 30 
ess? 40 
res -9 50 
1 4.7] 65 0 
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Refraction] Zen. Dist. 
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I 4.7] 63 0 
I 5.4 10 
Te O:2 20 
I 7-0 30 
197-8 40) 
Te o20 50 
1 9.4] 66 0 
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I 11.0 20 
LISD) 30 
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I 13.6 50 
re awG|| Cre 
Teusen 10 
I 16.3 20 
Le iG he 30 
I 18.2 40 
E190 50 
120.1] 68 0 
Te210 10 
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1 26.2] 69 0 
127.2 10 
I 23.4 20 
I 29.5 30 
Te0s7 40 
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1 33.0] 70 0 
I 34.2 10 
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I 38.0 40 
If BOER 50 
1 40.6] 71 0 
I 42.0 10 
143-4 20 
I 44. 30 
I 46.2 40 
I 47.7 50 
149.2] 72 0 
T5030 10 
I 50.7 20 
IAG Iss 30 
I 52.3 40 
1 Eee 50 
1 53:9] 73 0 
I 54-7 10 
I 55-5 20 
I 56.4 30 
I 57-2 40 
I 58.1 50 
1 58.9] 74 0 
I 59.3 10 
Zenon 20 
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PD Bedl 50 
2) AA leo) 0 
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2b DEY 5 
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3 34.1] 80 30 
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3 46.8 55 
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ZB Stefo) 40 

4 2.6 45 
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4 13.6 20 
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4 18.7 35 

4 20.4 40 
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4 23.9 50 
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4 27.5} 83 0 
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Aasi-2 10 
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4 35-0 20 

4 36.9 25 

4 38.9] 83 30 

4 40.9 35 

4 42.9 40 

4 44.9 45 

4 47.0 50 

4 49.1 55 

4 51.2] 84 0 

4 53-4 5 

4 55.6 10} 

4 57.8 15 

SOLO 20 

52.3 25 

5 4.6] 84 30 

5 6.9 35 

5 9:3 40 

5 11.7 45 

5 14.2 50 

5 16.7 55 

5 19.2} 85 0 

5 21.7} 86 0 

5- 24.3] 87% 0 

5 27.0] 88 0 

5 29.6} 89 0 
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37-9 
40.7 


TABLE II. Bessel’s Refraction Table. 


B. Cc. 
Arg. App. Z. D. Arg. True Z. D. Arg. True Z. D. 


A Log a! Al Log a” Al 


-76143 6.4458 
-76141 6.4458 
-76135 6.4456 
Gf SOM 6.4452 
-76112 6.4449 
-76099 6.4446 


-76080 6.4441 
-76075 6.4439 
-76070 6.4437 
76059 6.44.34 


6.4433 
6.4431 


benynb NH Wwtbrn O 


- 


-76053 
-76047 
-76040 6.4429 
-76032 6.4428 
-76024 : 6.4425 


— oo 
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-76014 3 6.4422 
.76004. ; 6.4419 
75993 . 6.4416 
-75981 . ; 6.4412 
-75967 3 6.4408 


HOD TF WNIDAMN NH HUAAH 
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“75953 : 6.4404 
a SSIS ; 6.4400 
SSNS) : 6.4395 
-75899 : 6.4390 
-75877 : 6.4384 


+75852 ; 6.4378 
75824 ; 6.4370 
-75793 : 6.4361 
SATE 6.4351 
°75717 : 6.4339 


= 
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-75670 ; 6.4326 
75615 : 6.4311 
Difsyeyye : 6.4292 
-75478 5 6.4271 
W/S92 . 6.4246 


+75284 : 6.4218 
+75265 : 6.4214 
Bae: 3) : 6.4210 
75225 : 6.4205 
SSS: . 6.4200 
+75182 : 6.4194 


SESS : 6.4188 
-75136 : 6.4181 
7 ste : 6.4174 
-75087 : 6 4167 
+75060 : 6.4160 
*7.5233 : 6.4153 


*75005 “ 6.4145 
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TABLE II, 


Bessel’s Refraction Table. 


A. 
Arg. App. Z. D. 


B. 
Arg. True Z. D. 


Log a 


Log a! 


9) 
75205 
-75180 
PLSD 
75129 
-7§101 


-75072 
75243 
+75213 
-74981 
-74947 
-74912 


»74876 
-743 38 
74794 
-74757 
‘74714 
-746790 


-74623 
74573 
74521 
-74468 
74412 
-74352 


.74288 
-74223 
74155 
-74083 
:74007 
-73928 


73845 
-73757 
-73663 
-73564 
-73459 
-73347 


-75005 
-74976 
-74945 
-74914 
.74882 
-74848 


-74813 
74777 
-74740 
-74701 
-74660 
74617 


74573 
74527 
-74478 
74428 
-74376 
+74321 


-74263 
-74203 
-74141 
-74075 
-74005 
-73933 


-73857 
SH SMALL 
-73692 
-73605 
*73514 
-73417 


BSG: 
FS) 
IONS 
72846 
-7284 
72711 135 
142 
PO og 
-72418 ree 
Hes 
+72083 97 
-71902 5 
-71708 94 
209 
-71499 
71276 073 
-71037 ass 
RIOTS 
-7050 | 
0016 293 
Sua 
.69902 


107 
Toe) 
I21 
128) 


TABLE Il. Bessel’s Refraction Table. 


D. Factor depending upon the Barometer. 


English French Log B French 


Paris 
Log B Log B metres. metres. 


lines. : inches. 
315 0.02445 27.5 — 0.03191 f 0.725 0.01560| 0.760 
316 0.02307 | 27.6 0.03033 0.726 - 0.01500] 0.761 
317 0.02170 Qlet 0.028768 0.727 — 0.01440] 0.762 
318 0.02033} 27.8 0.027204 0.728 - 0.01380} 0.763 
319 0.01897 27.9 0.025644 0.729 0.01321 | 0.764 
320 0.01761 28.0 0.02409 | 0.730 0.01261 | 0.765 0.00773 
321 — 0.01625 28.1 0.022544 0.731 0.01202 | 0.766 0.00830 
322 0.01490 28.2 0.02099 0.732 0.01142 | 0.767 0.00886 
323 0.01356 28.3 0.019469 0.733 0.01083 | 0.768 0.00943 
324 - 0.01221 28.4 0.01793, 0.734 0.01024 | 0.769 0.00999 
325 0.01088 28.5 0.016409 0.735 0.00965 | 0.770 0.01056 
326 — 0.009544 28.6 0.01483 f 0.736 0.00906 | 0.771 O.O11I2 
327 — 0.00821 28.7 0.01336 0.737 0.00847 | 0.772 0.01168 
328 — 0.00689 28.8 0.01185 § 0.738 0.00788 | 0.773 0.01225 
329 — 0.005564 28.9 0.01035 f 0.739 0.00729 | 0.774 0.01281 
330 0.00425 ff 29.0 0.00885 # 0.740 0.00670] 0.775 0.01337 
331 0.00293 29.1 0.00735 4 O.741 0.00612 | 0.776 0.01393 
332 0.00162 29.2 0.00586] 0.742 0.00553| 0.777 0.01449 
333 — 0.000329 29.3 0.00438 § 0.743 0.00494 | 0.778 0.01505 
334 + 0.00099 § 29.4 0.00290 0.744 0.00436] 0.779 0.01560 
335 + 0,00228 29.5 0.001424 0.745 0.00378 | 0.780 0.01616 
336 + 0.00358 29.6 + 0.00005 f 0.746 | — 0.00319] 0.781 0.01672 
337 + 0.004874 29. + o.co1g1# 0.747 0.00261 | 0.782 0.01727 
338 + 0.00616 29.8 + 0.00297 § 0.748 0.00203] 0.783 
339 + 0.007449 29.9 + 0.00443 | 0.749 0.00145] 0.784 
340 + 0.008724 30.0 + 0.00588 | 0.750 0.00087 | 0.785 
341 + 000999§ 30.1 + 9.007329 0.751 0.00029 | 0.786 
342 + 0.01127 30.2 + 0.008764 0.752 0.00028 | 0.787 
343 + 0.012534 30.3 + 0.010209 0.753 0.00086} 0.788 
344 + 0.013809 30.4 + 0.011634 0.754 0.00144] 0.789 
345 + 0.01506 30.5 + 0.01306 § 0.755 0.00201 | 0.790 
346 + 0.016324 30.6 + 0.01448 § 0.756 0.00259 | 0.791 
347 + 0.01757 30.7 + 0.01589 4 0.757 0.00316] 0.792 
348 + 0.01882 30.8 + 0.01731 | 0.758 + 0.00374] 0.793 | + 0.02334 
349 + 0.020074 30.9 + 0.01871 f 0.759 | +. 0.00431 | 0.794] + 0.02389 
350 + 0.02131 31.0 + 0.02012 0.760 | + 0.00488] 0.795 | + 0.02443 


E. Factor depending upon the Attached Thermometer. 


(F.) Fahrenheit. (R.) Réaumur. (C.) Centigrade. 


F. Log T R. Log T C. Log T 
+ 0.00242 + 0.00308 + 0.00246 
= AY -+ 0.00203 | — 30 + 0.00264 | — 30 + 0.00211 
— 10 + 0,00164 } — 25 + 0.00220 f — 25 + 0.00176 
cv) + 0.00125 }# — 20 + 0.00176} — 20 + 0.00140 
+ 10 + 0.00086 f — 15 + 0.00132 — — 15 + 0.00105 
20 -++ 0,00047 f — 10 + 0.00088 f — 10 + 0.00070 
30 + 0.00008 ¥ — 5 + 0.00044 — 5 +- 0.00035 
40 — 0,00031 0 0.00000 0 ©.00000 
50 —o.coo7of + 5 — 0.00044 + 5 | — 0.00035 
60 — 0.00109 10 — 0.00088 10 — 0.00070 
70 — 0.00148 15 — 0.00131 15 — 0.00105 
80 — 0.00186 20 — 0.00175 20 | — 0.00140 
90 — ©;00225 25 — 0.00218 25 | — 0.00175 
100 — 0.00264 30 — 0.00262 30 — 0.00210 
35 — 0.00305 35 — 0.00244 


[oye ayes 18) + log 7. 
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TABLE II, Bessel’s Refraction Table. 


EB. Factor depending upon the External Thermometer. 


(F.) Fahrenheit. 


(R.) Réaumur. 


(C.) Centigrade. 


Log y 


F. Log y 


Log y 


C. 


Log y 


+ 0.06279 
+ 0.06181 
++ 0.06083 
+ 0.05985 
+ 0.05887 
“+ 9.05790 
t+ 0.05693 
+ 0.05596 
+ 0.05500 
+ 0.05403 
+ 9.05307 
+ 0.05211 
+ 0.05115 
+ 0.05020 
+ 0.04924 
+ 0.04829 
+ 0.04734 
+ 0.04640 
+ 0.04545 
+ 0.04451 
+ 9.04357 
+ 0.04263 
+ 0.04169 
+ 0.04076 
+ 0.03982 
+ 0.03889 
+ 0.03796 
+ 0.03704 
+ 0.03611 
+ 9-03519 
+ 0.03427 
+ 0.03335 
+ 9-03243 
+ 0.03152 
+ 0.03060 
+ 0.02969 
+ 0.02878 
+ 0.02787 
-+ 0.02697 
+ 0.02606 
+ 0.02516 
+ 0.02426 
+ 0.02336 
+ 0.02247 
+ 0.02157 
+ 0.02068 
+ 0.01979 
+ 0.01890 
+ 0.01801 
10.0107 1 
+ 0.01624 
+ 0.01536 
+ 0.01448 
-+ 0.01360 
I OLO1273 


+ 0.01185 


35° | + 0.01185 
36 + 0.01098 
+ 0.01011 
+ 0.00924 
+ 0.008 37 
-+ 0.00750 
+ 0.00664 
+ 0.00578 
+ 0.00492 
+ 0.00406 
+ 0.00320 
+ 0.00234 
+ 0.00149 
++ 0.00064 
— 0,00021 
- 0.00106 
0.00191 
0.00275 
0.00360 
0.00444 
0.00528 
0.00612 

- 0.00696 
0.00780 
0.008 63 
0.00946 
0.01029 
O.O11I2 
©.01195 
0.01278 
0.01360 
0.01443 
0.01525 
0.01607 
0.01689 
0.01770 
0.01852 
0.01933 
0.02015 
0.02096 
0.02177 
0.02257 
0.02338 
0.02419 
0.02499 
0.02579 
0.02659 
0.02738 
0.02819 
0.02898 
0.02978 
0.03057 
0.03136 
0.03216 
0.03294 
HI 2i7/2) 


+ 0.08990 
+ 0.07829 
+ 0.06698 
+ 0.06476 
+ 0.06254 
+ 0.06034 
+ 0.05815 
+ 2.05596 
“F 2-05379 
+ 0.05163 
+ 0.04948 
+ 0.04734 
+ 0.04522 
+ 0.04310 
+ 0.04099 
+ 0.03889 
0.03681 
0.03473 
0.03266 
0.03060 
0.02855 
0.02652 
0.02449 
0.02247 
0.02046 
0.01846 
0.01646 
0.01448 
0.01251 
0.01054 
0.00859 
0.00664. 
0,004.70 
0.00277 
0.00085 
0.00106 
0.00297 
- 0.00486 
0.00675 
0.00863 
0.01050 
0.01236 
0.01422 
0.01607 
0.01791 

- 0.01974 
0.02156 
6.02338 
0.02519 
0.02699 
0.02879 
0.03057 
0.03235 
0.04114 
— 0.04976 


b+ t+ttt+tp+b ttt 


i 
i] 


— 35° 
— 30 
— 25 
— 24 
— 23 
— 22 
— 21 
— 20 
—19 
— 18 
—17 


+ 9-07373 
+ 0.06476 
+ 9.05596 
+ 0-05423 
+ 9.05249 
+ 9.05077 
+ 0.04905 
+ 0.04734 
+ 0.04564 
+ 0.04394 
+ 0.04225 
+ 0.04057 
+ 0.03889 
+ 0.03722 
+ 0-03556 
+P 0-03390 
+ 0.03225 
-+ 0.03060 
+ 0.02896 
+ 0.02733 
+ 0.02570 
+ 0.02408 
+ 0.02247 
+ 0.02086 
+ 0.01926 
+ 0.01766 
+ 0.01607 
+ 0.01448 
0.01290 
0.01133 
0.00976 
0.00820 
0.00664 
0.00509 
0.00354 
0.00200 
0.00047 
0.00106 
0.00259 
©.00410 
0.00562 
0.00713 
0.00863 
0.01013 
0.01162 
0.01311 
0.01459 
0.01607 
0.01754 
- 0.01901 
0.02047 
0.02194 
0.02338 
0.03057 
0.03765 
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Table III. Reduction of Latitude and Logarithm of the Earth’s Radius. 


Argument @ = Geographical Latitude. Compression —= ae 
6 fpmady Diff. log p Diff. $ adi Diff. log p Diff. 
° , / ” ” ° / , wu" ” 
0 0} © oc.00 ©.000 0000 35 0] 10 48.25 9-999 5248 
1 0] 0 24.02] 24:97] 9.999 9996 10 49.63| 1-38 ? S208 a8 
9+ © 48.02 Ese 9982 20 50.98 a 5169 39 
3 0 I 11.95 ee 9961 30 Sagi) 28 5129 ae 
4 0} 1 35.80 Be 5 9930 40 53-02 aoe 5089} 4° 
5 0) x 59.54] 33°74 9891 50 54:90] 106 5049) 76 
6 0 2 22.12 999 9843 36 0} 10 56.16 . fofe) 
Panes eee epee 7999 Fah 10 57-43) 125 no a 
8 0 3 9.76 ae 8 9721 20) 538.63 22 4929| 4° 
9 0} 3 32.74] 22-9 9648 30 59.82 ae 4888, 41 
TOO OU 3° 55472273 9566 AW) || ae? Tiere) oe 4848| 4° 
MEO gry i52)2 > 9476 50 sig) UellD 4807) 4% 
1Z 0) 4 40.06 ee 9:999 9377 37 0) 11 3.28 as 9-999 4767 ie 
TG ee eee) 9271 10 4-39] 1s 4726| 4% 
14 0} 5 23.28 eee 9157 20 GAT ne 4686, 4° 
BOO [5 44331 5 8 62 9035 30 6.54| 1-07 4645) 4° 
FOTO Gs 4.95) 202 8905 40 ee) Ce 4604) 41 
17 0) 6 25.14] 7°09 8768 50 S55ln oes 4503) eg 
1s 0 6 44.86 ; 8624 38 0] 11 : ‘ 22 
19 0] 7 nee See Oe 8472 10 ia Oi aes pre a 
20 0| 7 22.80 see 8314 20 11.51 “95 4440, 41 
21 0} 7 40.99 : a 8149 30 12.44 293 4399, 41 
22 0) 7 58.61 oe 7977 40 13.34 2 4358) 4! 
23 Of 8 15.66 en 7799 50 14.22 "86 4317 He 
24 0] 8 32.10 9-999 7614 39 0] Ir 15.08 ; : 276 
25 0! 8 47.93 15-33 7424 10 15.92 ee wee pe 42 
26 0] 9 3.12 ao 2 7228 20 16.73 ay ALO3| ee 
27 0} 9 17.65 oe 7027 30 AS) 29 A152} ee 
28 0} 9 31.50] 13: 2 6820 40 18.29 SHY ALTO) mea 
29 0} 9 44.66 oa 6608 50 19.04 so 4069| 4! 
: 2 
30 0] 9 57.12) 2.00| 9°999 6392 40 0) 11 19.76 Zz 9-999 4027 a 
10} 9 99.12) 6355 10 20.46 he) 3985| 42 
20} 10 1.11 e 6319 20 21.13 67 3944| 4! 
30 soy) 282 6282 30 21.79 66 30027) mEeE 
40) 5.02 ae 6245 40 22.42 63 3860) 42 
50 6.94 oor 6208 50 23.02 60 Aone) are 
31 0] 10 8.85 1.39] 9:999 6171 41 0} 11 23.61 oe 9:999 3777 af 
10 10.73) "96 6134 10 24.17 -56 Cyiatal| ar 
20 12.59) 7° 6096 20 24.70 25 3693] 42 
30 14.44 oS 6059 30 25.22) oe Ogi) Gr? 
40 16,26 aioe 6021 40 26.71 “49 3609, 42 
50 18.06 oan 5984 50 26.18 rll Real are 
32 0} 10 19.84 1.76 | 9:999 5946 42 0] 11 26.62 oe 9:999 3525 a3 
10 21.60 oie 5908 10 27.04 as Onell — aye 
20 23.34| 2°74 5870 20 ZT Aa es S440 ee 
30 25.05 hes 5832 30 27.82 38 3399) mcne 
40 26.75 nes 5794 40) 28.17 -35 2QC7 te 
5 28.43 2 5755 50 28.50 33 3315 42 
: | 2 
33 7 10 30.08 163 9:999 5717 43 0} 11 28.80 g| 9-999 3273 . 
- SE is 728 5678 10 29.08 es 3230) 43 
ab aoa 1.5 5640 20 29.34 -26 2188) 
is 34.91 a 5601 30 || er 3146, 42 
a eee 5562 40 29.79) 5 es 3104] 43 
aeoa 1 Ge 5523 50 29.98 ie 3062 ye 
34 0] 10 39.55 9.999 5484 44 0] ax 
i 30.14 : ol 
n eS) Te 5445 10 30.29) 15] 7? 2977 oe 
a AS a\ 16 5406 20 $0.45) 8 2935, 4? 
oe 44.00 or 5367 30 30.50 O93) 2892} 43 
a 45-44 es Boom 40) 530557 27 IO Ge? 
46. iso 5288 50 30.62 oy 2808} 42 
35 0] 10 48.25 9:999 5248 45 0 30.65 : 9-999 2766 a 
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Table III. Reduction of Latitude and Logarithm of the Earth’s Radius. 


¢' = Geocentric Latitude. p = Earth’s Radius. 


log p iff. ; iff. log p 


9-999 2766 9-999 0275 

: : 0235 
0195) 
O1ss 
o116 
0076 


9-999 2512 9-999 0037 
2470 9-998 9998 
2427 . ; 9958 
2385 Si 9919] 
2343 9880 
2.300 9841 


9:999 2258 ( 9-998 9802 
2216 : 9764 
2174 9725 
2132 : 9686 
2089 9648 
2047 9610 


9-999 2005 9-998 9571 
1963 4 9533 
1921 : 9495 
1879 9457 
1837 9419 
2795 : 9382 


1753 9-998 9344 
Itt 4 9307 
1669 : 9269 
1627 ‘ . 9232 
1536 ; : 9195 
1544 oxS* 
Aer 9.998 9121 
1460 8902 
1419 8683 
1377 8479 
1335 8275 
1294 8077 
Pe 9-998 7884| 
1211 7697 
1170 7517) 
1128 7342 
1087 7174 
1046 JOYS 


9-998 6859 
6713 
6573 
6441 
6317 
6201 


9.998 6093 
5993 
5901 
53818 


5743 
5676 


9-998 5619 
5570 
5530 
5498 
5476 
5463 | 


9.998 5458 


1005 
0963 
0922 
o881 
0840 
0800 


9:999 9759 
0718 
0677 
0637 
0596 
0556 


HSI) Ch) 
0475 
0435 
C235 
C359 
e315 


9-999 0275 


0 OOF BF YN YNWWWHBHP NANA AAGHD wa INI 000 OOWWW’NO 


eo gqgooeocoo oococo ocecec Soiccococco ooce 
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TABLE IV. Log A and Log B, 


For Computing the Equation of Equal Altitudes. 


Log B 


For Noon, A — f§ For Noon or 
For Midnight, A + ARGUMENT = ELAPSED TIME. ( Midnight, B + 
ae 0 1 2" 3! 4 5 
a8 
on 
a& | Log A | Log B | Log A | Log B | Log A | Log B Log A | Log B | Log A | Log B | Log A 


0| 9-4959] 9-4059 | 9-4072/ 9-4034 | 9-4109| 9-3959 | 9-4172| 9.3828 | 9.4260) 9.3635 | 9.4374) 9-3369 
1| .4059| -4059|- .4072| .4034| -4110) .3957] -4173| -3825] -4261/ .3631] .4376) .3364 
2| .4059| -4059] .4073) -4033| -4111| -3955| -4174] -3822]| -4263/ .3627| .4378] .3358 
3] .4059] -4059| .4073] -4032] .4112| .3953] -4175| -3820 .4265| .3624] .43380] .3353 
4} .4059| .4059] .4074| 4031] -4113] -3952| -4177] -3817] -4266) .3620] .4383) .3348 
5 | 9-4059] 9-4059 | 9-4074| 9-4030 | 9-4113] 9-3950| 9-4178] 9.3814 | 9.4268] 9.3616 | 9.4385] 9.3343 
6|.4060| .4059| .4074| .4029] -4114] .3948] -4179] -3811] -4270] .3612] .4387| .3337 
2 see 4059] .4075| .4023 ee 3946 ee oe 4272 poe 4389] -3332 
-4060] .4059]| .4075| -4027] .411 +3944] -4182] .300 -4273| -3004] .4391| .3327 
9| .4060] .4059| .4076] .4026] .4117| .3943] -4183] -3803] -4275| -3600] .4393] -3321 
19] 9-4060] 9.4059} 4.4076] 9.4025 | 9.4118] 9.3941 | 9.4184] 9.3800 | 9.4277| 9.3596 | 9.4396] 9.3316 
11] 4060] .4059] .4077) -4024] -4119| .3939| -4186) -3797| -4279] -3592] -4398) -3312 
12} .4060] .4058] .4077| .4023] .4120] .3937| -4187] -3794| -4280} -3588] .4400) .3305 
13] .4060] .4058] .4078] .4022] .4121] .3935] -4188] .3792] -4282) .3584 o2 a3 
: . : : : é : : . . 44) +3300 
14| .4060] .4058| .4078] .4021] .4121] .3933] -4190| -3789] -4284) .3580] .4405| .3294 
15 | 9.4060] 9.4058 | 9.4079] 9.4020 | 9.4122] 9.3931] 9-4191| 9-3786 | 9.4286] 9.3576 | 9.4407] 9.3289 
16| .4060] .4058] .4079] .go19| .4123] .3929| -4193] -3783] -4288) .3572| -4409) .3283 
ue ees one 4018] .4124] .3927] -4194| .3780| -4289 “3508 4411) .3278 
: f -4080] 4017] 4125] .3925] -4195| +3777] -4291| -3504] -4414| .3272 
19} .4061] .4057] .4081| .4016] .4126| .3923] -4197] -3774| -4293] -3559] -4416) .3266 
20 | 9.4061] 9.4057 | 9-4081| 9.4015 | 9-4127| 9.3921 | 9-4198| 9.3771 | 9-4295] 9-3555 | 9-4418| 9.3261 
Zl] .4061] .4056| .4082| .40o14] .4128] .3919] -4199] -3768] -4297| -3551 ee oe 
me spo eS) -4083| .4013]| .4129]) .3917] 4201] -3765]| -4299) -3547] -4423] .3249 
3 ones 405 -4083] .4012] .4130] .3915] .4202| .3762] .4300) .3542] 4425] .3244 
24 3 -4055| -4084] -4oro] .4131| .3913] -4204) -3759] -4302| 3538] -4427) .3238 
25 | 9.4062) 9.4055 | 9.4084] 9.4009 | 9.4132) 9.3911 | 9-4205) 9-3756 19-4304] 9.353419 
. : +4430] 9.3232 
Be pee 4055] -4085] -4008] .4133| .3909| .4207| .3752] -4306| .3530] -4432 3226 
oe pee 4054 foe 4007] .4134| .3907] .4208) .3749] -4308] .3525] -4434| .3220 
as poe 4054 as -4006] .4135| .3905] -4209] .3746] .4310| .3521]| .4437| .3214 
a ae 4054 4S 4004] .4136| .3903] .4211| .3743] .4312] .3516] .4439| .3208 
9-4062] 9.4053 | 9-4057| 9.4003 | 9.4137) 9.3900 | 9-4212| 9.37409 | 9.4314] 9.3512] 9. I| 9.320 
SL] .4063) .4053] .4088] .4002] .4138] .3898] -4214| .3737] -4315 os oe, ee 
Be racks 4052 oe 4001] .4139} .3896] 4215! -3733] -4317| 3503] -4446) .3191 
i ee ie 9 "3999 “4140 3894 4217 | “37307 A319) 3499 -4448/ 3185 
- % -4090) -3998] -4141| .3892] .4218) .3727] 4321] .3494] -4451| .3178 
9-4064] 9.4051} 9.4091] 9.3997 | 9.4142! 9.3389 | 9.4220] 9.3723 | 9-4323] 9-34901 9.445 2172 
ue oe +4050) -4091| .3995] .4144| .3887] .4224] .3720] .4325] .3485 ee a8 ae 
oe pA AAD = 4°93.03993 4146) .3882] .4224) .3713] -4329| .3476] .4460) .3154 
a 4 - 4049] +4093) -3991| 4147] .3880| .4226] .3710] .4331] -3471] -4463) .3148 
9:4065} 9.4048 | 9.4094! 9.3990 | 9.4148] 9.3878 | 9-4227| 9.3707 | 9-4333] 9-346 6 | 
: -3467 | 9.4465) 9.3142 
io 208 fae +4095 303 4149) .3875] -4229] 3703] -4335| -3462] -4468) .3135 |) 
7 en ved pCateea | ECL eile Stet -3873 | -4231| 3700] -4337| -3457| -4470) .3129] 
TN Sal a oe see ie +3871] .4232| .3696] .4339| -3453] -4473| -3123 
4 4046] .4097) .3984] 4152) .3868] .4234] .3693] -4341| -3448] .4475| .3116 
aa oC oo ey wee a oe 9-4235 me 94343] 9-3443 | 9-4477| 9.3110 
: 3 : ; “J OO3) A277) ees CASAS ae +4480] .31 
ae fal AAA CO] 33979 -4156| .3861| .4238) .3683 “4347 3433 “4482 “3097 
” js oe a “3978 “4157 +3859] -4240] .3679] -4349) -3429] -4485| -3091 
4 43] +4 *3976} -4158/ .3856| -4242) .3675] .4351| .3424] .4487| .3084 
‘ oe ee NS eee ee ee 9-42.43 93° 9-43.53] 9-3419 | 9-4490) 9.3078 
: : : : 3851] .4245] .3 4355| +3414] -4492| .3071 
Be ee MOAT SANS art0 78 4162) .3849] .4246) .3665] -4357| .3409 4494 "3064 
Pe ee aa Wie er 4163) .3846) .4248) .3661] .4359] -3404| -4497| .3058 
i 4039} -4104) 3969) .4164) .3843] .4250| .3657] .4361] .3399] -4500| .3051 
ae ein ee a eon pe eee ae 9-38.54 9.4363 93394 | 9-4503, 9-3044 
: 3 ‘ ; : il GAGs | 78) 38) -4505| .3038 
BF Aon cee ped eee cee Ae “4255 Bae -4368 Bee wee nee 
59] -4071| -4035] .4108) .3960] .4170 "3830 4238 "3639 $372 3374 “4513 “3017 
60 | 9.4072| 9.40 f 5 | ; ; 
9:4077) 9-4034 | 9-4109) 9-3959 | 9-4172/ 9.3828 | 9.4260 9.3635 | 9.4374] 9.3369 | 9-4515) 9.3010 


TABLE IV. Log A and Log B. 


a 
ran 
For Computing the Equation of Equal Altitudes. 
For Noon, A — For Noon or 
For Midnight, A iy ARGUMENT — ELAPSED TIME. {Midnigne Bee 
Eg 6" (io st 9 10° 11" 
aE ss oes 
ma Log A | Log B | Log A | Log B | Log A | Log B | Log A | Log B | Log A | Log B | Log_4 | Log B 
0] 9-4515] 9-3010 94685 9-2530 | 9.4884) 9- ee 9-5115| 9-0943 | 9-5379) 8.9509 | 9.5680) 8.6837 
1] -4518) .3003] .4688) .2520] .4888 61]. .5119] .0925] -5384| .9478] .5685) .6770 
Z| -4521| .2996] .4691| .2511 8 ee -5123| .0906]| .5389] .9447] .5691| .6701 
3] -4523] -2989] .4694! .2502] .4895] .1835] .5127| -0887] -5393! -9416] .5696) .6632 
4} .4526) .2982| .4697| .2492]} .4899| .1822] .5132| .0867] .5398] .9384] .5701| .6560 
5 | 9-4528] 9.2975 | 9.4701] 9.2483 | 9.4902] 9.1809 | 9.5136] 9.0848 | 9.5403] 8.9352] 9.5707] 8.6488 
6] -4531| -2968] .4704] .2473] .4906| .1796] .5140) .0828] .5408] .9320] .5712| .6414 
7] -4534) .2961] .4707| .2463] .4910| .1782] .5144] .o809] .5412|} .9287] .5718] .6339 
8] 4536) .2954] .4710) .2454] .4913] -1769] .5148] .0789] .5417] .9254] .5723| .6262 
9] -4539| -2947| -4713| 2444] .4917| .1756] .5153] .0769] .5422] .9221] .5728]- .6183 
10] 9.4542] 9.2940 | 9.4716) 9.2434 | 9.4921] 9-1742 | 9.5157) 9-0749 | 9-5427| 8.9187 | 9.5734] 8.6103 
V1} -4544] -2932] .4719| .2425] .4924| .1728| .5161| .0729] .5432| -9153]. -5739| -6021 
12] -4547| -2925] -4723] .2415] .4928] .1715] .5165) .0708] .5436] .9118] .5745| -5937 
13] -4550) .2918] .4726| .2405] .4932) .1701]| .5169| .0688] .5441] .9083] .5750) .5852 
14} .4552| .2911] .4729| .2395] .4935) .1687] .5174] .0667] .5446] .9g0438] .5756] .5764 
15 | 9-4555) 9-2903 | 9.4732] 9.2385 | 9.4939] 9.1673 | 9.5178] 9-0646 | 9.5451) 8.9013 | 9.5761] 8.5674 
16) -4558) .2896] .4735) .2375] -4943| 1659] .5182| .0625] .5456) .8977] .5767| .5583 
17] -4561) .2888] .4738] .2365] .4946| .1645] .5186| .0604] .5461| .8940| .5772] .5488 
18} .4563] .2881] .4742| .2355] .4950| .1630] .5191] .0583] .5466) .8903] .5778! .5392 
19| .4566) .2873] .4745) .2344| .4954] .1616] .5195] .0561] .5470] .8866] .5783] .5293 
20 | 9-4559| 9.2866 | 9.4748) 9.2334 | 9.4958) 9.1602 | 9.5199] 9-0540 | 9-5475| 8.8829 | 9.5789] 8.5192 
Zl] -4572) .2858] .4751] .2324] .4961] .1587] .5204| .051 -5480| .3791 “5094 50838 
22| -4574) -2850] .4755| -2313] .4965| .1573| .5208] .0496] .5485] .8752] .5800] .4981 
23} -4577| -2843] -4753] .2303] .4969] .1558] .5212| .0474] .5490] .8713) .5806] .4871 
24) 4580] .2835] .4761) .2292] .4973] -1543] 5217] -0452]| -5495| -8674| .5811| .4758 
25 | 9-45383) 9.2827 | 9.4764] 9.2282 | 9.4977] 9.1528 | 9.5221) 9.0429 | 9.5500] 8.8634 | 9.5817] 8.4641 
26] .4585| .2819] .4768| .2271] .4980] .1513] .5225] .0406] .5505) .8594 ZONA 2 
27] .4588) .2812] .4771| .226r] .4984] .1498] .5230] .0383] .5510) .8553 15828 -4397 
28} .4591| .2804] .4774] .2250] .4988] .1483] .5234] .0360] .5515! .8512) .5834] -4270 
29| .4594| .2796] .4778| .2239] .4992] .1468] .5238] .0337] .5520| .8470] .5839] .4138 
30 | 9-4597/ 9-2788 | 9.4781] 9.2228 | 9.4996] 9.1453 | 9-5243| 9-0314 | 9.5525] 8.8427 | 9.5845) 8.4001 
BL} .4600} .2780] .4784] .2217] .5000] .1437] .5247) .0290] .5530] .8384] .5851] .3860 
BeedO02 |" 2772) .4788| .22060)|) .5003]| 1422) 15252] .0266) .5§535) .8341 |. 5856) 13713 
33° .4605) .2764] .4791| .2195] .5007] .1406] .5256] .0242] .5540] .8297] .5862] .3561 
B4, .4608) .2756] .4794| .21384] .5011} .1390] .5261] .0218] .5545] .8253} .5868) .3403 
35 | 9.4611] 9.2747 | 9.4798] 9.2173 | 9.5015] 9.1375 | 9-5265) 9-0194 | 9.5550] 8.8208 | 9.5874] 8.3239 
36] .4614] .2739] .4801| .2162] .5019) .1359] .5269] .o169] .5555] .8162] .5879] .3067 
37] .4617| .2731) .4804! .2151] .5023] .1343] .5274] .0144] .5560] .8115] .5885| .2388 
38] .4620) .2723] .4808] .2140] .5027| .1327]| .5278) .o119] .5565) 8068] .5891| .2701% 
39} .4622| .2714] .4811] .2128] .5031] .1310] .5233] .0094] .5570| .8020] .5897| .2505 
40 | 9.4625] 9.2706 | 9.4815] 9.2117 | 9.5035] 9.1294] 9.5287] 9.0069 | 9.5576) 8.7972 | 9.5902! 8.2299 
41} .4628) .2698] .4818| .2105] .5038] .1278] .5292] .0043] .5581] .7923] .5908) .2082 
42| .4631| .2689] .4821] .2094] .5042] .1261] .5296] .0017] .5586). .7873] .5914| .1853 
43} .4634| .2681] .4825| .2082] .5046] .1244] .5301] 8.9991] .5591| .7823] .5920/ .1611 
44] .4637| .2672] .4828) .2070] .5050] .1228] .5305} .9965] .5596) .7772] -5926] .1354 
45 | 9.4640) 9.2664 | 9.4832] 9.2059 | 9.5054] 9.1211 | 9.5310] 8.9938 | 9.5601] 8.7720] 9.5931] 8.1080 
4G) .4643| .2655] .4835] .2047] .5058! .1194] .5315| -9911] -5606] .7668] :5937| .07386 
A7| .4646) .2646} .4839] .2035] .5062| .1177] .5319] -9884] .5612| .7614] .5943| -0470 
48} .4649| .2638] .4842] .2023] .5066) .1159] .5324! -9857] .5617| .7560] .5949] .0128 
49] .4652| .2629] .4846| .2011] .5070| .1142] .5328] .9830] .5622) .7505] .5955] 7-9756 
50 | 9-465 5) 9.2620 | 9.4849) 9.1999 | 9.5074] 9.1125 | 9.5333] 8-9802 | 9-5627/ 8.7449 | 9.5961 7.9348 
51] .4658| .2611] .4853/ .1987] .5078) .1107] .5337] -9774] -5632] -7392] -5967] .8 
52| .4661| .2602] .4856| .1974] .5082] .1089] .5342] .9745] -5638] -7335] -5973] -8391 
53| .4664) .2593] .4860] .1962] .5086] .1072] .5347| -9717] -5643} -7276] -5979] .7817 
54| .4667| .2584] .4863] .1950] .Sog1| .1054] .5351] .9688] .5648} .7217] 5985] .7154 
55 19-4670) 9.2575 | 9.4867) 9.1937 | 9.5095] 9.1036 9.5350 8.9659 | 9-5654| 8.7156 | 9.5991) 7-6368 
56| 4673} .2566] .4870) .1925] .5099| .1017] .5361/ -9630] -5659) 7094] -5997| -5405 
57} .4676| .2557| .4874| .1912] -5103] .0999] .5365| .g600] .5664) .7032] .6003] .4162 
58| .4679| .2548] .4877| .1900] .5107| .og81] .5370) .9570] .5669| .6963] .6009] .2407 
59} .4682| .2539] .4881| .1887] .5111| .0962] .5375| 9540] .5675| .6903} .6015) 6.9591 
60 | 9.4685] 9.2530] 9.4884) 9.1874] 9.5115) 9.0943] 9-5379| 8 9509 | 9-5680| 8.6837] 9.6021) Inf. 
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TABLE IV. Log A and Log B, 


For Computing the Equation of Equal Altitudes. 


For Noon, 4 — For N 
For Midnight, 4 ARGUMENT = ELAPSED TIME. {Midnight B 
Bo 12" 13" 14" 15° 16" 17" 
Ba 
ae Log A | Log B | Log A | Log B | Log A | Log B | Log A | Log B | Log A | Log B | Log A } Log B 
m 7 
0| 9.6021] Inf. | 9.6406] 8.7563 | 9-6841] 9-0971 | 9-7333] 9-3162 | 9-7895] 9.4834 | 9.8539] 9.6383 
1] .6027| 6.9603} .6412/ .7641] .6848] -1014] .7342| -3194] -7905| -4911] -8550| .6407 
Z| .6033] 7-2431| -6419} .7718] .6856] .1057] -7351] -3225] -7915| -4937 -8562| .6431 
3] .6039] .4198| .6426! .7794| .6864| .1099] -7360] -3256] 7925] -4963] -8573] -6455 
A] .6045) .5453| .6433| .7868] .6872| .1141]| -7369| .3287] -7935] -4990] -8585) .6478 
5| 9.6051] 7-6428 | 9.6440] 8.7942 | 9.6879] 9-1183 | 9.7378] 9-3319 | 9-7945] 9-5016] 9-8597| 9.6502 
6| .6057|} .7226]| .6447| .8015] .6887| .1224] .7386) .3350] -7955] -5042] -8608| .6526 
7| 6063} .7902] .6454| .8087] .6895| .1265] .7395] -3380] -7965] -5068} .8620) .6550 
8| .6069} .8488] .6461} .8158] .6903] .1306]| .7404] .3411] -7975| -5094] -8632|) .6573 
9| .6075| .9005| .6467| .8227] .6911| .1347| -7413| -3442] -7986| .5120] .8644| .6597 
10] 9.6082 7-9469 9.6474] 8.8296 | 9.6919] 9.1387 | 9-7422| 9.3472 | 9-7996| 9-5146]| 9.8655] 9.6621 
11] .6088] .9889] .6481] .8364] .6926| .1428] .7431| -3503] -8006] .5171] .8667| .664 
12] .6094| 8.0273] .6488] .8432] .6934| .1468] .7440] .3533]| -8016| -5197] .8679] .6668 
13] .6100]} .0627] .6495| .8498] .6942| .1507] .7449] .3563] -8027| .5223] .8691| .6691 
14] .6106] .0955| .6502] .8564] .6950| .1547] -7458] -3593| -8037| -52438] .8703] .6715 
15 | 9.6112] 8.1260} 9.6509] 8.8628 | 9.6958) 9.1586 | 9.7467] 9.3623 | 9.8047) 9.5274] 9.8715] 9.6738 
16| .6119| .1547| .6515| .8692| .6966| .1625| .7476| .3653] 8058] .5300] .8727] .6762 
17| .6125] .1816| .6523] .8756| .6974| .1664] .7485] .3683] .8068] .5325] -8739, .6785 
18| .6131| .2071| .6530} .8818] .6982] .1703] .7494| .3713] -8078] .5351]} -8751| .6809 
19| .6137] .2312] .6538| .8880] .6990| .1741] .7503| .3742] .8089] .5376] -8763) .6832 
20 | 9.6144] 8.2541 | 9.6545] 8.8941 | 9.6998] 9.1779 | 9-7512| 9-3772 | 9-8099] 9.5401 | 9-8775| 9.6856 
Zl] .6150] .2759]| .6552| .goo2] .7006] .1817] .7522| .3801] 8110] .5427] .8737| .6879 
2Z| .6156] .2967] .6559| .g062| .7o14] .1855] .7531| -3831] -8120] .5452| -8799] .6903 
23| .6163] .3166] .6566| .g121| .7022| .1893] .7540| .3860] .8131] .5477]| -8812] .6926 
24] .6169] .3357]| -6573| .g180] .7030] .1930] .7549] .3389] .8141| .5502] .8824] .6949 
35 | 9.6175] 8.3540] 9.6580] 8.9238 | 9.7038] 9.1967 | 9.7558] 9.3918 | 9.8152] 9.5528 | 9.8836] 9.697 
26| .6182| .3717] .6583) .9295] .7047| .2004] .7568) .3947] -8162} .5553] -8848 "bead 
27) 6188! .33887] .6595) .9352| -7055| .2041] .7577| -3976]| -8173] .5578]| -8861] .7019 
Z8| .6194| .4051] .6602| .g408] .7063] .2078| .7586| .4005] .8184| .5603] .8873] .7043 
29] .6201] .4210} 6609} .9464] .7071| .2114] .7595| -4033] -8194] .5628] .8885] .7066 
|| BO} 9.6207] 8.4363 | 9.6616) 8.9519 | 9.7079] 9.2150 | 9.7605] 9.4062 | 9.8205] 9.5653 | 9.8898] 9.708 
SL} .6214] .4512] .6624) .9573] .7088] .2186]| .7614) .4090] .8216| .5677| .8910 a 
32} .6220] .4657]| .6631 9627 -7096| .2222| .7624| .4119] .8227| .§702] .8928)o75a@ 
33] .6226] .4796] .6638) .9681] .7r04| .2258] .7633) .4147] .8237| .5727] -8935] -7159 
B34] .6233] -4932] 6645] .9734] -7112| .2293] .7642] .4175] -8248] .5752] .8948] .7182 
35 | 9.6239] 8.5064 | 9.6653] 8.9787 | 9.7121| 9.2329 | 9.7652] 9.4204 | 9.8259] 9.5777 | 9-8961| 9.720 
36] .6246| .5192] .6660 -9839 -7129| .2364] .7661] .4232] .8270] .58o1 cee ee 
37| .6252] .5318| .6667| .g891] .7137| .2399] .7671| .4260] .8281| .5826] .8986| .7251 
38| 6259] .5440] .6675] .9942] .7146| .2434] .7680] .4288] .8292| .5850| .8999| .7275 
39} .6265) .5559] 6682) .9993] .7154] .2468] .7690] .4316] .8303] .5875] .go11| .7298 
40 | 9.6272| 8.5675 | 9.6690) 9.0043 | 9.7162] 9.2503 | 9.7699) 9.4343 | 9-831 
; ; : 8314] 9.5900 | 9.9024] 9.7321 
41 hae +5788} .6697| .0093] -7171| .2537] -7709| -4371| -8325] .5924] -9037 arn 
AZ} .6285) .5899| .6704) .o142] .7179] .2571| .7718| .4399] -8336| .5948] .9050| .7367 
43| .6292| .6008] .6712| .o1gr| .7187| .2605| .7728] .4426] .8347| 5973] .9063| .7390 
44] .6298) .6114] .6719] .0240] .7196] .2639] .7738] .4454] -8358] .5997]| -.9075| .7413 
45 | 9.6305] 8.6218 | 9.6727] 9.0288 | 9.7204] 9.2673 | 9.7747 3 836 6 
; : 9-4481 | 9.8369] 9.6022 | 9.9088] 9.7436 
46 Sou -6320| .6734 10336 +7213} .2706] .7757| .4509] .8380] .6046] .g101 eee 
at pare ang -6742| .0384| .7221| .2740] .7767| .4536| .8391| .6070| .9114] .7482 
8 “0325 oo 6749] .0431] .7230] .2773| .7776| .4563] .8402| .6094| .9127| .7505 
49} .0331) .6613] .6757| .0478] .7238) .2806] .7786) .4590| .8414| .6119| .9140| .7529 
50 | 9.6338] 8.6707 | 9.6764] 9.0524] 9.7247] 9.28 
: -2839 | 9.7796] 9.4617 | 9.8425 9-6143 | 9.9154) 9.7552 
a “0345 ee 6772) .0570| .7256) .2872| .7806| .4644| .8436] .6167] .9167 ae 
oe e352 : 90} .6779| .0616} .7264] .2905] .7815] .4671] .8447| -6191| .9180] .7598 
4 ace . 979 -6787| .0662] .7273] .2937] .7825] .4698] -8459| .6215] .9193| .7621 
oh 5} -7967) .6795| .o707] .7281| .2970] .7835| .4725] .8470] .6239| -9206] .7644 
55 | 9.6372] 8.7153 | 9.6802] 9.0752 | 9.7290] 9.3002 3 
; : 9-7345]| 9.4752 | 9.8481] 9.6263 | 9.9220] 9.7667 
es py 7237} -6810) .0796] .7299| .3034] .7855| .4778| .8493| .6287 9233 "7690 
:©395) .7321| .6818] .o840] .7307| .3006| .7865 4805] .8504| .6311| .9246; .771 
58| .6392| .7402] .682 88 pie) Ve lee 
2s tis oe 5} -0884] .7316| .3098] .7875| .4831] .8516| .6335| .9260| .7736 
$399) 7493} -0833) .0928] .7324) .3130] .7885) .4858] .8527| .6359| .9273| -7759 
) 19-6406} 8.7563 | 9-684) 9.0971 | 9.7333] 9.3162 | 9.7895! 9.4884 | 9-8539| 9-6383 | 9-9287| 9.7782 
SSS SR SS RR 
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s : TABLE IV. Log A and Log B. 


Zz 
For Computing the Equation of Equal Altitudes. 
For Noon, A — For Noo a 
Wor Midnight, A + ARGUMENT — ELAPSED TIME. canes = 
3 3 18" 19” 20° 21" 22" 23" 
ao 
a Log A | Log B | Log A | Log B | Log A | Log B | Log A | Log B | Log A | Log B | Log 4 | Log B 


3 


9-9287| 9.7782 | 0.0172! 9.9167 | 0.1249] 0.0625 | 0.2623] 0.2279 | 0.4523] 0.4372 | 0.7689] 0.7652 
+9300] .7804] .0188) .g190] .1269] .0650] .2649] .2309] .4562| .4414] .7765| .7729 
9314] .7827] .0204] .9213] .1290] .0676| .2676) .2339| .4601| .4455] .7842] .7807 
9327| -7850{ .0221! .9237] .1310| .o70r] .2702] .2370| .4640| .4497] .7920| .7886 
+9341| -7873{ .0237| .9260] .1330| .0727] .2729] .2401| .4680] .4540] .8000| .7967 


9-9355| 9-7896 | 0.0253) 9.9284 | 0.1351] 0.0753 | 0.2756] 0.2431 | 0.4720] 0.4582 | 0.8081] 0.8049 
-9368| .7919| .0270] .9307] .1371| 0779] .2783] .2462] .4761| .4625| .8163] .3133 
-9382| -7942| .0286) .9331| .1392| .0805] .2810] .2493] .4801] .4668| .8247| .8218 
-9396| -7965| .0303) .9355] .1412| .0830] .2838] .2524] .4842] .4711| .8333] .8305 
9410] .7983] .0319] .9378] .1433] .0856] .2865] .2556] .4884| .4755] .8420| .8393 
10} 9.9424] 9.8011 | 0.0336] 9.9402 | 0.14.54] 0.0882 | 0.2893] 0.2587 | 0.4926] 0.4799 | 0.8508] 0.8483 
Al] .9437] -8034] .0353] .9426] .1475] .ogog]| .2921| .2619] .4968] .4844] .8599] .8574 
12] .9451] -8057] .0370] .9449] .1496] .0935] .2949| .2650] .5010| .4889] .8691| .8667 
13] .9465) .8080] .0386| .9473] .1517| .0961] .2977| .2682] .5053| .4934| .8786| .8763 
14] .9479| .8103] .0403] .9497] .1538] .0987]| .3005| .2714] .5097| 4980] .8882] .8860 


15 | 9.9493] 9.8126 | 0.0420] 9.9520 | 0.1559] 0.1013 | 0.3034| 0.2746] 0.5140] 0.5026 | 0.8980} 0.8959 
16] .9508) 8149] .0437} .9544] .1581| .1040] .3063| .2778] .5184) .5072] .go80] .go6o 
U7} .9522| .8172] .0454| .9568] .1602] .1066] .3091| .2811] .5229) .5118] .9183] .9164 
18} .9536] .8195] .0472| .9592| .1623] .1093] .3120] .2843] .5274] .5165] -9288] .9270 
19} .9550| .8218] .0489] .g616| .1645) .1119]| .3150] .2876] .5319) -5213] -9396| .9378 
20] 9.9564] 9.8241 | 0.0506] 9.9640 | 0.1667] 0.1146 | 0.3179] 0.2909 | 0.5365] 0.5261 | 0.9506] 0.9489 
21} .9579| .8264] .0523] .9664] 11689] .1173] .3208] .2942] .5411] -5309] -9618] .9603 
22} .9593| -8287] .0541| .9687] .1711| .1200] .3238]) .2975] -5458] -53531 -9734] .9719 
23] .9607| .8310| .0558) .g711] .1733| -1226] .3268] .3008] .5505] .5407] .9853] .9839 
24} 9622) 8333] .0576] .9735] -1755] -1253] -3298) -3041] -5553] -5457] -9975] -9961 
25 | 9-9636] 9.8356 | 0.0593] 9.9760 | 0.1777] 0.1280 | 0.3328] 0.3075 | 0.5601) 0.5507 | 1.0100] 1.0087 
26} .9651| .8379] .c6r1| .9784] .1799| .1308] .3359| -3109] -5649| 5557] .0228) .0216 
27| .9665| .8402] .0628] .9808] .1821] .1335] -3389] .3143] -5698] .5608] .0361] .0350 
ZB} .9680] .8425] .0646] .9832] .1844] .1362] .3420] .3177] -5748] .5660} .0497| .0487 
29] .9695| .8448] .0664) .9856] .1867) .1389] .3451| .3211] -5798] -5712] .0638] .0623 
30 | 9.9709] 9.8471 | 0.0682) 9.9880 | 0.1889} 0.1417 | 0.3482] 0.3245 | 0.5848) 0.5764 | 1.0783] 1.0774 
31} .9724| .8494] .0700) .9904] .1912]} .1444] .3514| .3280] .5899) .5817] -0934] .0925 
32] .9739| .8517] .0718] .9929] .1935] .1472] -3545] -3315] -5951| -5871] .1089} .1081 
33] -9754| -8540] .0736) .9953] -1958) -1499] -3577|.-3359] -6003) .5925] -1250] .1242 
34} .9769) .8563] .0754| .9977| .1981| .1527] .3609] .3385] .6056) .5979] -1416| .1409 
35 | 9.9784] 9.8586 | 0.0772| 0.0002 | 0.2004] 0.1555 | 0.3641] 0.3420] 0.6110) 0.6034] 1.1590) 1.1583 
36] .9798| .8609}] .0790] .c026}] .2028] .1582] .3674] .3456] .6164] .6090] .1770] .1764 
37| .9313] .8632] .0809] .oo51] .2051] .1610| .3706] .3491] .6218) .6147] .1958) .1952 
38| .9829| .8655]| .0827] .0075] .2075] .1638| .3739] .3527]| .6273] .6204] .2154| .2149 
39} .9844| .8678] .0845] .o100] .2098] .1667| .3772] .3563] .6329) .6261] .2359] .2354 


40 | 9.9359] 9.8701 | 0.0864] 0.0124 | 0.2122] 0.1695 | 0.3805] 0.3599 | 0.6386] 0.6319 | 1.2573] 1.2569 
41} .9874| .8724]| .0883] .o149] .2146| .1723] .3839] .3636] .6443] .6378] .2799| .2795 
42} .9889] .8748| .ogol| .0173] .2170] .1751] .3873] -3673] -6501| 64338] .3037| -3033 
43| .9904] .8771]| .0920] .o198] .2194| .1780] .3907| .3710] .6560] .6498] .3288) .3235 
44| .9920) .8794| .0939] .0223] .2218] .1808] .3941| .3747] -6619] .6559] -3554] .3552 


45 | 9-9935| 9.8817 | 0.0958] 0.0248 | 0.2243] 0.1837 | 0.3975] 0.3784 | 0.6679] 0.6621 | 1.3837) 1.3835 
46| .9951| .8840] .0976| .0272] .2267| .1866] .goro] .3822] .6740) .6684] .4140] .4138 
47] .9966| .8863{ .0995| .0297] .2292] .1895] .4045] .3859] .6802 6747 -4465| .4463 
48] .9982] .8887] .1015| .0322] .2316] .1924] .4080) .3897] .6865) .6311] .4815] .4814 
49} .9998] .8910| .1034) .0347] .2341] -1953] -4115] .3936] .6928) .6876) .5196) .5195 


50 | 0.0013] 9.8933 | 0.1053] 0.0372 | 0.2366] 0.1982 | 0.4151| 0.3974 | 0.6993] 0.6942 | 1.5613] 1.5612 
51} .0029] .8956] .1072| .0397] .2391) .2011] .4187| .4013] .7058] -7008] .6074] .6073 
52| .0044| .8980] .1092] .0422] .2416] .2040] .4223] .4052] .7124] .7076] .6588) .6537 
53| .0060] .go03] .111I] .0447] .2442] .2070] .4260]/ .4o9I} .7191) 7144] -7171| -7171 
54] 0076] .9026] .1131| .0473] .2467| .2099| .4297| .4130] -7259| -7214] .7844] .7843 
55 | 0.0092] 9.9050} 0.1150] 0.0498 | 0.2493] 0.2129 | 0.4334] 0.4170 | 0.7328] 0.7284 | 1.8638/ 1.8038 
5G| .0108} .9073| .1170] .0523] .2518| .2159] .4371| -4210] -7398| -7355] -9610| .9610 
57 | .0124| .9096| .1190] .0548] .2544| .2189] .4408] .4250| .7469| .7428] 2.0863] 2.0863 
58} 0140] .9120] .1209] .0574] .2570] .2219| .4446) .4291] -7541| -7501] .2627 2627 
59| .0156] .9143| .1229] .0599| .2596| .2249| .4485] .4331] -7615| -7576] 2.5640) 2.5640 
60 | 0.0172] 9.9167 | 0.1249] 0.0625 0.2623] 0.2279 | 0.4523) 0.4372 0.7689] 0.7652] Inf: Inf. 
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Table V. Reduction to the Meridian. 


2 sin? 4 ¢ 
= 
sin 1” 
0” 1” gm 3” 4” 5” 6” (ic 

” wn ” ww” ” wt ” ” 
0.00 1.96 7.85 17.67 31.42 49.09 70.68 96.20 
0.00 6; 7.98 17-87 31.68 49.41 71.07 96.66 
0.00 2.10 8.12 13.07 31.94 49-74 71.47 97-12 
0.00 2.16 8.25 18.27| 32.20] 50.07 71.86 97-58 
0.01 B28 8.39 18.47 32-47 50.40 72.26 98.04 
0.01 2.31 3.52 18.67 32.74 50.73 72.66 98.50 
0.02 2.38 3.66 18.87) 33-01 51.07 73-06 93.97 
0.02 2.45 8.80 19.07 Bao, 51.40 73-46 99-43 
0.03 PEL 8.94 19.23 33 54 51.74 73.36 99-90 
0.04 2.60 9.08 19.48 33-31 52.07 74.26] 100.37 
0.05 2.67 9.22 19.69 34.09 52-41 74.66) 100.84 
0.06 2.75 9.36 19.90 34.36 62.75 75.06} 101.31 
0.08 2.83 9.50 20.11 34.64) 53-09 75-47| 101.78 
0.09 2.91 9.64 20.32 34.91/ 53-43 75-88) 102.25 
O.1I 2.99] 9-79 20.53; 35-19 eligi 76.29| 102.72 
0.12 3:07 9-94. 20.741 35.46 54.11 76.69] 103.20 
0.14 aur5 10.09 20.95 35-74 54.46 77-10} 103.67 
0.16 3:23 10.24 21.16 36.02 54.80 75 Ei eLOAwLS 
0.18 3.32 10.39 21.38) 36.30 55-15 77-93| 104.63 
0.20 3.40 10.54 21.60 36.58 55-50 73.34] 105.10 
0.22 3:49 10.69 21.82! 36.87 55-84 78.75 eLO sas > 
0.24 3.58 10.84 22.03 37-15 56.19 79.16} 106.06 
0.26 3.67 11.00 22.25| 37-44) 56.55 79-58| 106.55 
0.28 3-76 I1.15 22.47 37-72 56.90 $0.00] 107.03 
0.31 3-85 Dra 22.70 38.01 57-25 $0.42| 107.51 
0.34 3:94 11.47 22.92] 38.30] 57.60 80.84! 107.99 
0.37 4.03 11.63 23.14 38.59] 57-96 $1.26) 108.48 
0.40 4.12 11.79 23-37 38.88) 58.32; 81.68} 108.97 
0.43 4.22 11.95 23.60 39-17] 58.68 $2.10} 109.46 
0.46 4.32 Tuer 23.82) 39-46) 59.03 $2.52} 109.95 
0.49 4.42 Tee, 24.05 39-76 59-40 82.95) 110.44 
0.52 4.52 12.43 24 28 4.0.05 59:75 83.33] 110.93 
0.56 4.62 12.60 24.51 40.35 60.11 $3.31] 111.43 
0.59 4.72 1276 24.74) 40.65 60.47 34.23] 11.92 
0.63 4.82 12.93 24.98 40.95 60.34 $4.66} 112.41 
0.67 4.92 13.10 25.21 41.25 61.20 $5.09] 112.90 
0.71 5-03 T3027 25-45 41.55 61.57 85.52] 113-40 
0.75 5-13 13.44 25.68 41.85 61.94 85.95} 113.90 
0.79 5-24 13-62 25.92 42.15 62.31 86.39] 114.40 
0.83 5-34 13.79 26.16 42.45 62.68 86.82) 114.90 
0.87 5:45 13.96 26.40 42.76 63.05 87.26} 115.40 
0.91 5.56 14.13 26.64 43-06 63.42 87.70] 115.90 
0.96 5-67 14.31 26.88 43-37 63.79 88.14] 116.40 
1.01 5-73 14.49 27.12| 43.68 64.16 $8.57] 116.90 
1,06 5:90] + 14.67 27.37 43-99 64.54 89.01] 117.41 
1.10 6.01 14.85 27.61 44.30 64.91 89.45] 117.92 
1.15 6.13 15.03) 27.86 44.61 65.29 89.89] 118.43 
1.20 6.24 15.21 23.10 44.92 65.67 90.33] 118.94 
1.26 6.36 15-39 28.35 45.24 66.05 90.78] 119.45 
1.31 6.48 15.57 2.8.60 45-55 66.43 91.23} 119.96 
1.36 6.60 15.76 23.85 45.87 66.381 91.68] 120.47 
1.42 6.72 15-95 29.10; 46.18 67.19 92.12} 120.98 
1.48 6.384 16.14 29.36; 46.50 67.58 92.57} 121.49 
1.53 6.96 16.32 29.61 46.32 67.96 93-02] 122.01 
1.59 7-09 16.51 29.86, 47.14 68.35 93-47| 122.53 
1.65 7.21 16.70 30.12 47.46 638.73 -92| 123.0 
1.71 7-34 16.89 30-38) 47.79 69.12 one ae 
0.77, 7.46 17.08 30.64| 48.11 69.51 94-83] 124.09 
1.83 7.60 17.28 30-90} 48.43 69.90 95-29| 124.61 
1.89 Tages 17-47} oul 48.76 70.29 95-74| 125.13 
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Table V. Reduction to the Meridian. 


2 sin? 4¢ 


sin 1” 


Table V. Reduction to the Meridian. 


= 
2 sin? 4 ¢ 
fi a= - 
sin 1” 
t 1%” 18" 19” 90" 94° 99m 93" 94m 95 
s uw w” we a ” ” ” fee ik uw 
0 567.2 635-9 708.4 784.9 865.3 949-6] 1037.8] 1129.9] 1225. 
1 568.3 637-0 709.7 736.2 366.6 951.0] 1039.3] 1131.4 ioe 
2 569.4 638.2 710.9 787-5 $638.0 952-4; 1040.8) 1133.0) 1229.2 
3 570.5 639-4 file 738.3 869.4 953-8; 1042.3] 1134.6 1230.8 
4 571.6 640.6 713-4 790.1 370.8 955-3| 1043.8) 1136.2 1232-5 
5 572.8 641.7 714.6 791.4 $72.1 956.7| 1045.3] 1137.8 1234.1 
6 573-9 642.9 715.9 792.7 873.5 958.2; 1046.8) 1139.3 NET] 
ri 575-0 644.1 Hf iafos 794.0 $74.9 959-6; 1048.3] 1140.9 1237723 
8 576.1 645.3 718.4 795-4 $76.3 g61.1] 1049.8] 1142.5 1239.0 
9 Tee) 646.5 719.6 796.7 877.6 962.5] 1051.3] 1144.0) 1240.6 
10 5738.4 647-7 720.9 798.0 879.0 963.9! 1052.8] 1145.6] 1242. 
1] 579-5 648.9 722.1 799-3 $30.4 965.4] 1054.3 oe ee 
12 580.6 650.0 724.4 800.7 $381.3 966.9] 1055.9] 1148.8 1245.6 
13 581.7 651.2 724.6 $02.0 $83.2 968.3) 1057.4] 1150.4] 1247.2 
14 582.9 652.4 725.9 $03.3 $34.6 969.8} 1058.9) 1152.0] 1248.9 
15 584.0 653.6 727.2 804.6 886.0 971.2} 1060 6 
: : PAL eens 1250. 
16 535.1 654.8 728.4 806.0 $37.4 972-7| 1062.0 es es 
17 586.2 656.0 729.7 807.3 $83.3 974-1] 1063.5; 1156.8 1253.8 
18 587.4 657.2 730-9 808.6 890.2 975-5| 1065.0] 1158.3 1255.5 
19 583.5 653.4 Geese 809.9 891.6 977-0] 1066.5) 1159.9] 1257.1 
20 589.6 659.6 TAS 811.3 $93.0 8. 1068.1} 116 3.8 
ay 590.8 660.8 734.7 $12.6 ae oe 1069.6 Heed roe 
‘ 591-9 662.0 736.0 $13.9 $95.8 981.4] 1071.1] 1164.7 1262.2 
ae 593-0 663.2 Taga $15.2 897.2 982.9, 1072.6] 1166.3 1263.8 
594.2 664.4 738-5 $16.6 898.6 984.4] 1074.2] 1167.9] 1265.5 
25 595-3 665.6 739.8 817. 00. $5.8 
26 596.5 666.8 ee Bro ov areal eee eee en 
27 597-6 668.0 TAZ. $20.5 902.8 988.8} 1078.7) 1172.7 1270.5 
a 598.7 669.2 743-6 $21.9 904.2 999.3) 1080.3] 1174.3 TQ 7zel 
599-9 670.4 744.9 $23.2 905.6 991.8} 1083.8} 1175.9 1273.7 
30 601.0 671.6 6.2 824.6 : 
MU| | Go2.2]” 6728] “Faz4| fag-o| gohal gong) icbee| aitc 3) eee 
32 603.3 674.1 748.7 827.3 909.8 996.2} 1086.4) 1180.7 1278.8 
33 604.5 675.3 750.0 $23.6 QI1.2 997-6, 1087.9) 1182.3 1230.4 
34 605.6 676.5 rises $29.9 912.6 999-1} 1089.5} 1183.9 1282.1 
35 606.8 677.7 752.6 $31.2 14.0] 1000.6 
36 607.9 673.9 753-8 832.6 ee os a ee ee 
37 609.1 680.1 755.1 $33.9 916.9] 1003.5} 10 i 1188. oe 
38 610.2 681.3 756.4 835.3 9138.3 1005.0 ioe II ee 1283.8 
39 611.4 682.6 TS a 836.6 919.7} 1006.5) oe riers ieee 
40 612. 683.8 
BU 6137)) fue) 7ooa| Siogh Pea leit cee eee ee 
42 614.8 686.2 761.5 840.7 ae ree Hei ee oe 
ee 687.4 762.8 842.0 925.3 rola) ay Troe ae 
ic ae 2 aS a 764.1 843.4 926.8} 1013.9) II05.0]/ 1199.9) 1298.9 
5 I : 65. | 
ie bre. : bg 9 re ope ae TOIS.4; 1106.5) 1201.5 1300.5 
a7 62n8 oe rea. ee a ae) 1108.1) 1203.1 1302.2 
48 621.8 693.6 769.3 843.9 a 4 raion ee tore ieee 
49 623.0 694.8 770.6 850.2 933-8 | 1021.4) 1112.7} noes ee 
50 624.1 696. 
a toe toe Te gore 935-2 1022.8} 1114.3! 1209.6, 1309.0 
52 Bae mele 52.9 936. (024.3} 1115.3) 1211.2| 1310.7 
ae cere aie 77455 eos 938.1) 1025.8} 1117.4] 1212.9 1312.4 
5A 623.8 noun ee oe 939°5 foot 1118.9] 1214.5 1314.1 
Bs ome ae : - 940.9 028. 1120.5] 1216.1 PQ05.7 
: : 778-4 : : 
88) 631-2] 703.5] 7797] 840.8 gask| toledl ese i 
57 632.3] 704.7/ 781.0] 861.1 4 z: CUE Meare 
a ae 945-2) 1033-3/ 1125.1] 1221.0] 1320.8 
33-5 725-9 782.3 862.5 946.6} 1034.8) 1126 6 
39 Gay ben se38 865.0 he 34. Oy] siexere2n 032205 
j : 40-0) 1030.3) 1128-3) (1224.2) i3zqe 
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Table V. Reduction to the Meridian. 


2 sin? 4 ¢ 
— eis ahs 2 sint 4 ¢ 
sin 1” a < 
mnie For rate. 
t 967 Dy to 98m | ; 
; | W t n 4 Rate. Log k 
Ss uw ” Fol 
O| 1325.9) 1429.7] 1 | TS EN | ae S| 
1 1327.6] 1431.4 oe 0 0} 0.00f 20 0} 1.499 — 30 9 608 
2 92329-3| 1433-2|) g4iet Lofocof 10] rsa) 29| 77”? sexe 
3] 1331-0] 1434-9] 1542.9 . ries Ae ee 28 8a 
4| 1332-7] 1436.7| 1544.8) Mose) pe pce Pa ; 
544-8) 4 0} 0.00 AO les 26 7286 
2 ee 1438.5} 1546.6! 5 0} 0.01 501 x ce 7387 
I] 1440.3) 1548.4) 25 
ai 1337.8 aaa Toe 2 : o.o1f 21 0] 1.82 24 745 
8 1339-5] 1443-9 1552.1] 8 pee 10) 1.87 23 688 
9 1341.2] 1445.6) 1553.9 9 ; = ot 20) 1.93 nod Le 
0.0 30 
10 1342.9 1447.4 1555-3 10 0}o o9 a ee 21 7889 
ms ies 1449.2] 1557.6 11 0fo.14f 50} 212) 20 799° 
40.3 1451.0] 1 : 19 
13 1348.0] 1452.8 reore i o.19f 22 0) 2.19 18 ae 
14 1349-7) 1454.5] 1563.2 a Aaa a 2.25 17 925i 
15 | 1351-4) 1456.3) 1565.0 30 0.23 30 : ce a 2392 
16 | 1353.2] 1458.1] 1566.9 rye PRLet ord Pree 8492 
re | ta) pg es syesy 50)2Sa) 4h] 
350. 1461. ; 13 
19 | 13583) 1463.4) 18724 meer head poset leo Mere i798 
0.2 
20 1360.1] 1465.2} 1574.3 20] 0.30 A ase 8894 
21 1361.8} 1466.9) 1576.1 30] 0.31 20) 2 us 10 8995 
22 | 1363.5| 1468.7] 1 40| o. 5 9 2 
408.7 578.0} 33 40} 2 9095 
2B | 1365.2) 1470.5) 1579.8) 50] 0.34 50] 3.01 : 9196 
24| 1367.0; 1472.3) 158 | 3 y 
3 581.7 14 0] 0.36 24 0| 3.10 6 9296 
25 1368.7] 1474.1] 1583.5 10} 0.38 10 axe 9397 
26 1370.4] 1475.9] 1585.3 20} 0.39 20) 2.2 5 9497 
27 QT 2 EN LAG. me dIG Ooo) | 80] 0.41 30 : é 4 9598 
a 7313) 1479-5) 1589.1 40] 0.43 40 aoe 3 9698 
375- 1481.3 1590.9 50] 0.45 50] 3.55 x 9799 
30 17 7 LA SG Ts ee O 2-17, 15 0] 0.479 25 0] 3.6 299) a8 
31 1379.0] 1484.9} 1594.6) 10} 0.49 10 3-04 O]} 0.000 c900 | 
32 | 1330.8} 1486.7] 1596.5 20 0.52 20 3 a i oror | 
33 1382.5} 1488.5] 1598.3 30] 0.54 30 ee 2 0201 | 
34 1384.2] 1490.3] 1600.2 40] 0.56 40| 4.05 # 0302 
35 || 1385.9| 1492.1] 1602.1) oh ae LANES: CaS 
36 | 1387-7| 1493-9] 1604.0) 16 0] 0.619 26 0| 4.26 : 2593 
37 1389.4] 1495-7; 1605.9, 10] 0.64 10] 4.37 : 0603 
38 1391.2] 1497.5) 1607.7) 201 0.67 20] 4.48 8 0704 
39} 1392.9] 1499-3} 1609.6 30} 0.69 30] 4.60 9 0804 
40 1394.7; 1so.1| 1611.5 = 0.72 40) | 4.72 0905 
Al 1396.4] 1502.9 1613.3, eal) 50} 4.83 10 BOOS 
42 | 1398.2) 1504.7) 1615.2 17 0] 0.78] 27 0} 4.96 12 gs 
A3 1399-9) 1506.5 1617.1. 10] 0.81 10] 5.08 13 1206 
44 | 1401.7; 1508.4) 1619.0 20} 0.84 20| 5.20 14 ee 
45 | 1403.4) 1510.2} 1620.8 i ont Or bee 15 see 
46 1405.2] 1512.0 1622.9 50 ee AOS Ae 16 oe 
47 | 1406.9] 1513.8] 1624.6 08 1E oo eco meaty ae 
48 1408.7 1515.6 1626.5 18 0 0.98 28 0 5.73 18 poe 
49 1410.4] 1517.4) 1628.3) 10 1.02 10| 5.87 19 reee 
50 I412.2 1519.2 1630 A a 1.06 20] 6.01 20 
51 | 1413-9] 1521-0] 1632.1 10 eee 30] 6.15 21 Be 
52 rite iie1G22.6)° 1634.0 i Hee 40] 6.30 22 Cds wiht 
53 Mie al 1524.7] 1635.0 1.13 50} 6.44 23 ats 
54 I419.2 1526.5 1637.7 ne, See 29 0 6.59 24 oe 
55 1420.9] 1528. 620. Tez 10} 6.75 25 
56 | 1422.7 ee ee + esse) 20] 6.90 26 oti 
57 1424.4| 1532.0] 1643.3 40 7-35 30} 7.06 a7 Sate 
5g | 1426.2| 1533.8; 1645.2 50 Bonk) 40] 7.22 28 oe 
59 | 1427-9] 1535-6; 1647.1 ue mas 50] 7.38 29 2915 
0) 1.499 30 0) 7.5597 +30] 0.000 3015 


Table VI. Logarithms of m and 7. 


9 in2i 
sin 1” 
log m 
t Qo” 1” Qn 37 4m | §™ 67 (te 
: ‘ P 
o| —o2 0.29303] 0.89509; 1.24727! 1.49714, 1.69096] 1.84931] 1.98320 
1 6.73673 30739 -90230 25208 -50076 -69335 -85172| .98526 
2| 7-33879) = --32151 190945 -25687 -50435) -69673) 85412] .98732 
3; 7:69097| 33541] —-91654) — .26163 -50793, — -69960/ = .85651| + .98937 
4] 7-94085 34909 92357 -26636 -51150! -70246 -85890] .99142 
5| 3.13467 36255 93055 27107! 151505 | -70531 3612 . 
6} 8.29303) 37581; -93747) —-27575| —-51859| —- 70815 86366 199581 
T) 3.42692 33383 94434. 28041 52211 -71099 -86603] .99755 
8 8.54291 -40174| “9511S 28504 -52562/ -71332 -86840| .99958 
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Table VI. Logarithms of m and n. 
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Table VI. Logarithms of m and ”. 
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Table VI. Logarithms of m and n. 
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Table VIL. Limits of Circum-meridian Altitudes. 


A. Limiting hour angle at which the second reduction amounts to one second. 


Declination same sign as latitude. Declination different sign from latitude. 


60° 20° 30° 50° | 60° | 70°| 80° 


m ™m m 
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22 37 
28 
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B. Limiting hour angle at which the third reduction amounts to one second. 


Declination same sign as latitude. Declination different sign from latitude. 


The following approximate rules are sufficiently exact for practical 
purposes : 


A. The limit at which the second reduction amounts to 0”.1 is } the hour 
angle of Table VII. A. 


The limit at which the second reduction amounts to 0.01 is 4 the hour 
angle of Table VII. A. 


B. The limit at which the third reduction amounts to 0.1 is 2 the hour 
angle of Table VII. B. 


The limit at which the third reduction amounts to 0’.01 is } the hour 
angle of Table VII. B. 
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TABLE VIII. 


For reducing transits over several threads to a common instant. 


Arg. Sidereal time. 


Proportional parts log k 


Arg. Mean time. 
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TABLE VIII. 


For reducing transits over several threads to a common instant. 


Proportional parts of log hk. 


Arg. Mean time. 


iy 6° Ve s* 
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Log k 


Arg. Sidereal time. 
I x Log k 
m § Ss 
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TABLE VIII. A. 


for correcting the mean log k found from the preceding table. 


Mean log ke 
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TABLE IX.. Probability of Errors. 


(Method of Least Squares. ) 
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TABLE X. A. Peirce’s Criterion. 
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TABLE XIV. B. 
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23 o| 21 3] 51 7) 8] 10] 12] 14] 15] 17) 19 | 20] 23125) 271 29] 311393] 36] 33 23 
24 fF of 2] 3) 5] 6] 8] 10} 11] 13] 15] 17) 18] 20] 22| 24] 26] 28) 30] 32] 34] 36 24 
25 o| 2] 3) 5] 6| 8] 9] 11] 13] 14] 16) 18] 19} 21 | 23] 25] 27] 291 33) 33] 35 25 
26 o| 1] 3! 4] 6) 7] 9} 11) 12] 14] 15] 17] 19] 20| 22) 24] 26] 28) 29] 31] 33 26 
D5re o| i] 3) 4] 6) 7] 9| 10] 12] 13] 15] 16] 18) 19 | 21] 23] 25) 26/28) 30) 32 a7 
28 o} 1] 3] 4) 5] 7] 8] ro] xz} 12] 14] 15] 17) 19| 20] 22] 23] 25] 27] 29] 30 28 
29 oOo} 1! 3) 4] 5) 6] 8) gg} xz} 12} 13] 15] 16] 13] 19] 21] 22] 24] 26) 27] 29 29 
30 J o| 1] 2) 4] 5} 6] 7] gf 10] 11] 13] 14) 15) 17] 18] 20] 21] 23] 24] 26] 28 30 
31 Oo} ©] 2) 3] 5] Gl 7) 381 9] rr] 12] 13) 15) 16) 17] 19] 20) 22}'23) 25) 26 31 
32 o| I} 2] 3] 4) 6) 7| 8] 9| ro] 11] 13] 14) 15] 16] 18] 19] 20] 22] 23] 25 32 
33 oOo} I] 2) 3) 4) 5} GO| 7] 8) ro} a4] 12] 13] 14] 15] 171 18) 19] 21] 22] 23 33 
34 Oo} I] 2) 3) 4) 5} 6| 7] 8) g{ ro} sr] 12| 13] 14) 16] 17] 18] 19] 21] 22 34 
35 Oo} 1} 2] 3) 4) 5} GO) “Of 7) 8} 9) xo] 1x) 13) 24) 15) 26) 17) 18) 19120 35 
36 oOo} 1] 2) 3] 3) 4} 5} 6] 7] 8] 9] ro} ar] 12] 13] 14] 15) 16) 17] 18] 19 36 
37, OP 2 2 3 a si 6] Ol Fill 23h toil xol) nr | rz irs rans 6 ees 37 
38 Ory ri 213i al all si Gig) 7) 8: ol x0} axl) sri rau ace 38 
39 yl ee AW Cu GN GH CON GA SN) Sil ays step! Siva | | aihil| pia] eed] Giz) | rs 39 
40 } Oo} I] I) 2] 2) 3] 4) 4] 5} 6] 6} 7] 8) 8] 9] 10] x0] 11] 12] 13] 13 40 
41 lh AG) AN PaGaL eg Zu Sh OL ON Gall Gl 33 @| Gi cuoilpaenli cee] | ot 41 
42 CH HL i ei a ef Sl esl a SW) all Sal SI) Sl GI) Gi) el] am: 42 
AS POMS} TE) I) ah a) sis] 3) 4) cals) St ON) Gg or) Fe Esl On AG 43 
447% ©; 1 2) r] 2] 2) 3) 3) 3) 4) 4t 4) 5) 5] 61 6) 7] 7| 8] 3 44 
45 Copies LM AE SOY a AL wea esr Suh SH) CL AML a 6] 6] 6 
catch] Nhs ial Pay Wied Vee WS a Wc nec cc Be ig H j 4 4] 5] 5 5 46 
Are |} hi eRe bell dl asa) ed Eh aay eat ol eal) eal alfa seal] cll ali ill all a 47 
48 S]) ONTO coe sell aly Sel adi Gel) sq are) aa a eal al] a) | wll yl a 48 
ANS | | SME THC MoH Roy! | CO) NHI eulp aah ag) 84) Sell Sq se]! hel Tal] ail ahi 49 
50 ©} FO Sl, CHT ll Gyll ey |! col vo) OlMOl oll no Ol, OC] Ole Ol o 50 
Qo” 80” 0” 30” QO” 80” 0” 80/7 oO” 30’ Qo” 80” QO” 30’ 0” 30” Qo” 3B" Qo” 380” QO” 
Add. Me " 
y h 9)’ , , ~) Add. 
0 1 2 3 4 5 6 Vv 8’ 9 «110 
Thermo. 
Thermo. 
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TABLE XIV. B, 


Correction of the Mean Refraction for the Height of the Thermometer. 


Thermo. 


Subtract. 


MEAN REFRACTION. 


Thermo. 


a 6 v 8’ 9 =6|10 


0” | 307] 0” | 307] 0” | 80” 0” | 80” 1 0” |80” 0” 


Subtract. 


30} 0” | 30” 


° " u” ” u” ” ” ” ” ” ” ” wu” ” ” 
50 ONO S OWO)| SO OT EO) © | ON Ol Ol ON! <O}) 101} "Ol FON Ol Ol Ol OO 
51 GQ] CHP} il Gl Ol! @y oh wy sel Bal EN way Gey sal Gay Sah Sly ou) gel} i 
52 © il] Ke OH Sh ep TW) el Se aed eg) walla eat ty Bale ail) 
53 Cy OH lacey SAY sgh Set] ah Ee ea eal eal aN SAT eae ete Ou eT ea | 8 
54 Sl DL SY | aa TE || Sg BB aA a ea ea ee cal wa ABU a eH og 
55 Gj Ol) 25) Gell Sal se}) SP mp el a che ey al Gal Gale oll yl Gh OH 
56 ©} Sl Sa TA] EG aif wa add ea SAV zal ANT A) aS ON sO CY Gale All 
57 ©) Ol) ad) sal} wl) esi! oil gail) cul All ma TA HL OL OE Al AS) Ts I) 
58 Gy Of aN Se) ea wala SN AN AA tg NS MOH eal Al tS) CoM aco vey fetice) 
59 Olt eel ez ee ees eeed eeeec ON Ol 7) Sines) gio mol Heke 
60 Gl self aM all BAP eal] SH | SN IST) OL Al GAN esl | Goll) 3)) aod) ah) | send] Te)! 3 
61 Oy, OP rd Bae ey ule A SN ON) AP GATE Milt Koy Mo toh | Suse|lintea) rte) Seen | 5 at 
62 CL Lez sea ard esl Ole Oil 7S} Olen) |pNow tL ara irg) ised aol Tes 
63 OMT LU 2) esa sisi Ol 7} 8) Si Oo} TON wa) 12) 13) 14) ro) TON 7 
64 Sy TE ea a eal ZEN Se ONL til Gall RS cop toy) omic reat sieal | GUA nes baaley| saad | Se 
65 CE Ze ses Asie Ole Tie Se Qi LOT Tero irs IAT) reno LO 
66 CMH 2s ash Ol Oh 7S) ol To farm 2| ral 15) 16) m7 ler Sino | 20 
67 o}| I] 2) 37 4] 5] 6| 7] 8} 9] x0] x1] 12] 13] 14| 16] 17} 18] 19] 20] 22 
68 Cen eZ seals Oleg les e Ol ttt tr 63) TA Telenor 8! Tol 2oleateg 
69 OTE Zs Asie 7 eS ol rOlax! 1213 65) TO} 17/19) 200 oon 
70 OWL le 2eesi se Oileer eS | egiexo}) T2er2 leva TO Tze S| 20) 2m laa oan ior 
71 OME 2 as! Gia) S| rol ta) 12ers) 15) 1613) 19] 2) a2ilas)onia7 
7p o| I] 2) 4] 5; 6] 8] 9g] ro] 11] 13] 14] 16) 17] 18) 20] 21] 23] 25) 26] 28 
7633 o} I] 3) 4) 5] 7] 8| 9} 14] 12] 13) 14] 16) 18] 19] 21] 22] 24] 26] 27] 29 
74 CMeLiesl eae Sez eselOW rl INIA TS a7 V3 2ol22taalzcoraseso 
75 o| 1] 3) 4] 6) 7] 8] ro} 11) 13] 14) 16] 18} 19] 21) 22] 24] 26] 28] 29] 31 
76 o} If 3) 4] 6) 7] 9| 10] 12) 13] 15] 16] 18] 20] 22] 23] 25] 27] 29] 31] 32 
a. o} I] 3] 5] 6] 8] 9] 11| 12] 14] 16] 17] 19] 21] 22] 24] 26) 28] 30) 32] 34 
78 o] 2] 3] 5} 6] 8] 9] 11] 13) 14] 16) 13] 20) 21] 23) 25] 27] 29] 31) 33] 35 
79 o| 2] 3] 5] 6| 8] x0] 12] 13] 15] 17] 18] 20] 22] 24] 26) 28) 30] 32) 34] 36 
80 OMe sie Siz CIeeO! LZ rare IT) TON 2c) 23) 251 27.) 20) on regi ais ear 
81 o} 21 3) 5] 7|~9] 10] 12] 14] 16] 13) 20] 21] 24] 26] 28] 30] 32] 34! 36] 33 
82 o| 2) 4) 5] 7| of 11/13] 14] 16] 18) 20] 22] 24] 26] 28] 31) 33] 35] 37] 40 
83 J Oo 2] 4) 5) 7] 9) 42/13] 15) 17] 19) 21) 23) 25] 27] 29] 31) 34] 36) 38] 41 
84 o} 2) 4) 6} 8] gf 11] 13] 15) 17] 19] 21} 23] 26] 28] 30] 32] 35] 37] 39] 42 
85 ey | Fuh COI 12] 14] 16] 18] 20] 22] 24] 26} 29] 31] 33) 36] 33) 40] 43 
86 o| 2] 4]| 6] 8 12| 14] 16] 18] 20] 23] 25] 27] 29] 32] 34] 37] 39] 42] 44 
87 J o 2] 4 6] 8 14] 17/ 19] 21) 23] 25) 28] 30) 32] 35) 38] 40] 43] 45 
8s o| 2] 4, 6] 8 15] 17] 19] 21| 24] 26] 28] 31] 33] 36] 38] 41] 44] 46 
89 o} 2] 4) 6] 9 15] 17) 20] 22) 24] 27| 29) 32) 34] 37| 39| 42) 45] 48 
90 J o 2] 4] 7] 9 16 | 18| 20] 23] 25] 27| 30] 32) 35] 38) 40] 43/ 46] 49 
91 Jo 2] 4| 7/1 9 14| 16} 18) 21] 23) 25] 28) 31) 33) 36] 39) 41] 44) 47] 5° 
92-4 9 2] 5) 71 9 14] 16] 19] 21] 24) 26] 29) 31] 34] 37] 39| 42] 45) 48] 51 
93 O22 SN es) 14/ 17] 19) 22| 24) 27] 29] 32] 35] 37] 40] 43] 46] 49] 52 
94 Ql 2) Sh 7 14| 17] 19] 22] 25] 27] 30] 33] 35| 38] 41] 44] 47| 5°] 53 
95 | > 2] 5) 7 17 | 20) 22] 25) 28} 30] 33] 36) 39] 42) 45] 48) 51] 54 
96 Oli 5 37 13 | 20) 23] 26) 28] 31] 34] 37) 40] 43] 46] 49) 52] 55 
97 Jo 3] 5) 8 18 | 21| 23] 26) 29] 32) 35] 38) 41| 44] 47] 50/ 53] 56 
98 | o 3] 5] 8 18} 21| 24] 27) 29] 32] 35] 38] 41] 44/ 48] 51) 54] 58 
99 | > 3] 5; 8 19 | 21| 24] 27] 30] 33] 36] 39) 42] 45/ 49] 52] 55] 59 
100 J 9 3] 5) 8 19] 22) 25| 28) 31] 34) 37] 40] 43] 46! 50] 53| 56] 60 
0” 30” | 0” | 80” | 0” | 30” ] 0” | 307] 0” | 30’’| 0” | 307] 0” | 80”) 0” 

Subtract. Subtract. 
3’ 4’ 5’ 6’ he 8’ 9’ 10’ 

Thermo. Thermo. 
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TABLE XV. Log A. 


For correcting Lunar Distances. 


REDUCED PARALLAX AND REFRACTION OF D. 


45’ | 46° | 47’ | 48’ Di’ | 52’ | 53’ 


0315 0328] 0335 0355} 0361 | 0368 
0313 0326) 0333 0352) 0359 | 0366 
ean BG OBS 0359) 0357 10363 
©0309 0322] 0328 0348] 0354] 0361 
0307 0320] 0326 0346} 0352] 0359 


0305 0318) 0324 0344| 0350) 0356 
0303 0316] 0322 0341] 034810354 
0301 ©314| 0320 0339] 0346] 0352 
0299 0312] 0318 0337| 9344] 0350 
0297 0310] 0316 0335| 0341] 0348 


0296 0308) 0314 0333] 0339 | 0346 
0294 0306) 0313 0331} 0337 | 0344 
0292 0304| 0311 0329] 0335] 0341 
0290 0303] 0309 2327| 0333]0339 
0289 0301] 0307 0325] 0331 | 0337 


0287 CAD) || OKO) C323 PO529) (2355 
0285 0297] 0303 0321| 0327 | 0334 
0233 0296] 0302 0320] 032610332 
0282 ©294| 0300 0318) 0324] 0330 
0280 0292] 0298 0316] 0322] 0328 


0279 ©0290] 0296 0314| 0320] 0326 
0277 0289] 0295 0312] 0318 | 0324 
0275 0287] 0293 O311| 0316] 0322 
0274 0286| 0291 0309] 0315 | 0320 
(O272 0284| 0290 0307] 0313] 0319 


0271 0282) 0288 0305] 0311 | 0317 
0269 ©2381] 0287 ©0304] 0309 | 0315 
02638 0279| 0285 0302] 0308 | 0313 
0266 0273] 0283 ©0300} 0306] 0312 
0265 0276] 0282 0299} 0304] 0310 


0263 0275| 0280 0297| 0303 | 0308 
0262 0273] 0279 ©0295] 0301 | 0307 
0261 0272| 0277 ©294| 0299 | 0305 
0259 0270| 0276 0292) 0298] 0303 
0258 0269| 0274 0291] 0296} 0302 


0256 0267] 0273 0289] 0295 | 0300 
0255 0266] 0271 0288] 0293] 0299 
0254 0265] 0270 ©0286] 0292 | 0297 
0252 0263] 0269 0285] 0290] 0295 
0251 0262} 0267 0283] 0289 | 0294 


0250 0261] 0266 0282) 0287 | 0292 
0249 0259| 0264 0280] 0286] 0291 
0247 0258] 0263 0279] 0284] 0289 
0246 0257| 0262 0277| 028310288 
0245 0255] 0260 0276] 0281 | 0286 


0244 0254] 0259 0275| 0280] 0285 
0242 48 | 0253] 0258 0273] 0273 | 0284 
O241 0251| 0257 0272| 0277 | 0282 
©0240 0250] 0255 0271! 0276] 0281 
0239 0249] 0254 | 0269] 0274] 0279 
0238 0248] 0253 0268] 0273 | 0278 
0236 0246] 0252 0267| 027210277 
0235 ©0245, 0250 0265| 0270] 0275 
0234 0244| 0249 0264] 0269 | 0274 
0233 0243] 0248 0263) 0268 | 0273 


0232 0242] 0247 0262] 0266} 0271 
O241 0260] 0265 | 0270 
0239 0259) 0264 | 0269 
0238 0258] 0263] 0267 
0237 0257| 0261 | 0266 


0236 0255| 0260] 0265 
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TABLE XV. Log A. 


For correcting Lunar Distances. 


REDUCED PARALLAX AND REFRACTION OF D. 


TABLE XV. Log A. 


For correcting Lunar Distances. 


REDUCED PARALLAX AND REFRACTION OF p. 

48° | 49° | 50’ | 51’ | 52’ | 58’ | Od’ | 55 | 56’ | 57 | 58’ | 59" 
o , | 
15 0f.o1ro| o113) 0115] Or.~7| O119! O121 | 0124) 0126) 0128 | 0130} 0133 
10] .0109| or11| 0113] 0116] 01138] O120] 0122] 0124) 0127 | 0129} 0131 
20] .0108| or10| OL12] O114| O116| OL1g] 0121] 0123; 0125 | O127| O129 
30] .0107| orog} O111] 0113] C115] C117] OL19| O121| 0124] 0126) 0128 
40] .0105] o107/ O11O} OL12| O14] O16] O18] C120) 0122] 0124) 0126 
50} .0104) 0106] 0108} O10} O12) O1I5 | O17] OLIQ; C121 | 0123] 0125 
16 0} .0103] o105| 0107] O10g| OLII} O113] O115 0117 O119 O121| O124 
10} .0102] o104] 0106 | O108] OLTO} C112] OII4] O116} O118 | OL 20} 0122! 
20} 0101] 0103} O105 | O107| OLOg] OTIT| C113) OLI§) C117] O119, O21 
30] -O100] o102] 0103] C105} O107} OLOg] OIII) O113; OLIS | O17] OFIQ 
40} .0098] o100} 0102] 0104] 0106] C108] OTTO} C112) O14] O116) O18 
50} .0097) 009g] C101] 0103] C105) C107] OTOg| OLT1) C113} O1IS| OII7 
17 0} .0096| 0098] o100] 0102} o104| o106 | o108| or10 0112] O14 0116 
10] .0095| 0097; 0099 | C101] 0103] 0105 | C107] CIOg! OI1IO| O112| O114 
20] .0094| 0096! 0098 | O10} O102] C104) 0106] O107| C109] OIII| 0113 
20! essa 0095, 9097 | 009g] O10] 0103] O04] O106, 0108 | OI] O12 
AD] .rnee. 0094) 0096 | 0098] C100) CLOT] C103] 0105; O107 | OIOg| OITI 
0) | sews» 0093] 0095 | 0097} 0099] O100]| O02) C104) C106 | C108) C109 

18 0 0092] 0094 | 0096} 0098] 009g | C101] 0103} O105 | 0107] C108} ...... 

10 091} 0093] 0095! 0097) 0098 | COICO] 0102) C104 | C105) OLO7| C10g 

20 0090] 0092] 0094] 0096] 0097 | 0099] CLO] 0103] 0104} 0106) o108 

30 0089] 0091 | 0093) 0095] 0096 | 0098] O100} 0102 | 0103] C105) C107 

40 0088] 0090] 0092} 0094] 0095 | 0097| 0099! O1OI | O102| O104! O106 

50 0088} 0089 | cog1| 0093] 0094 | 0096] 0098] C099 | O1O1| 0103) C105 

19 0 0087| 0088 | o090] 0092) 0093 | 0095] 0097] 0098 | O100} 0102) o104 

10 0086} 0087 | 0089] 0091} 0092 | 0094] 0096) 0098 | 009g) CIOI) 0103 

20 0085§| 0087 | 0083] cog0} 0092] 0093] 0095! 0097 | 0098] C100! o102 

30 0084] 0086 | 0087] 0089} cog1 | 0092] 0094| 0096 | 0097} 0099) Oro! 

40 0083} 0085 | 0087] 0088} oogo] o0g91| 0093] 0095 | 0096] 0098) O00 

50 0082} 0084 | 0086] 0087] 0089 | C090} 0092) 0094 | 0095) 0097) C099 

20 0 0082! 0083] 0085] 0086} 0088 | 0090} Cog1} 0093 | 0094] 0096) 0098 

10 0081] 0082] 0084] 0086| 0087 | 0089] c0g0| 0092 | 0093] 0095) 0097 

20 0080} 0082 | 0083} 0085} 0086 | 0088} o08g9) cogr | 0093] 0094! 0096 

30 0079} 0081 | 0082] 0084) 0086 | 0087] 0089; 0090 | 00g2/ 0093) 0095 

40 0079] 0080 | 0082] 0083} 0085 | 0086) 0088) 008g | c0g1| 0092) 0094 

50 0078} 0079 | 0081} 0082} 0084 | 0085} 0087; 0088 | Cogo} C091) 0093 

21 0 0077] 0079 | Co80} 0082] 0083] 0085) 0086] 0088 | 0089] ocg1| cog2 

10 0076] 0078 | 0079| 0081] 0082} 0084] 0085) 0087 | 0088) 0090} o0g1 

20 0076] 0077 | 0079| 0080} 0082] 0083) 0085, 0086 | 0087) 0089] ogo 

30 0075} 0076 | 0078] 0079] c081 | 0082) 0084) 0085 | 0087| 0088) oog0 

40 0074] 0076 | 0077! 0079] C080] 0082) 0083; 0084 | 0086} 0087) 0089 

50 0074| 0075 | 0076] 0078] 0079 | 0081} 0082] 0084 | 0085] 0086) 0088 

22 0 0073] 0074.| 0076] 0077) 0079 | 0080} 0081) 0083 | 0084] 0086) 0087 

10 0072| 0074 | 0075} 0076} 0078 | 0079] 0081} 0082] 0083} 0085) 0086 

20 0072] 0073] 0074| 0076] 0077 | 0079} 0080] 0081 | 0083) 0084, 0086 

30 0071| 0072] 0074| 0075| 0076 | 0078} 0079] C081 | 0082) 0083) 0085 

40 0070| 0072] 0073] 0074| 0076 | 0077! 0079] 0080] 0081) 0083| 0084 

50 0070) C071 0072) 0074 0075 | 0076! 0078] 0079 | co81| 0082) 0083 

23 0 0069}. 0070 | 0072] 0073] 0074] 0076] 0077} 0078 | co80 0081] 0082 

10 0068} 0070] 0071); 0072] 0074. | 0075| 0076] 0078 | 0079 0080) 0082 

20 006g] 0069 | 0070! 0072] 0073] 0074) 0076] 0077 | 0078! 0080 0081 

30 0067| 0069 | 0070! 0071| 0072] 0074] 0075} 0076 | 0078} 0079] o080 

40 0067! 0068 | e069} 0071] 0072] 0073] 0074| 0076 0077! 0078 0080 

50 0066| 0067 | 0069) 0070] 0071 | 0073] 0074} 0075 | 0076} 0078] 0079 

24 0 0067 0068] 0069 0071 | 0072] 0073] 0074 | 0076] 0077| 0078 

10 0066 | 0067} 0069) 0070] 0071] 0073} 0074 | 0075 0076] 0078 

20 0066 | 0067| 0068) 0069 | 0071} 0072, 0073 | 0074 0076; 0077 

30 0065 | 0066} 0068, 0069 | 0070] 0071] 0072 | 0074| 0075; 0076 

40 0065 | 0066] 0067} 0068 | 0069] 0071| 0072] 0073} 0074 0076 

50 0064 | 0065] 0066] 0068 | 0069] 0070] 0071 | 0072) 0074) 0075 

0072 


TABLE XV. Log A. 


For correcting Lunar Distances. 


REDUCED PARALLAX AND REFRACTION OF >). 


50’ | 51’ | 52’ | 53’ | 54’ | 55° | 56 | 57 | 58’ | 59 | 60° 


-0063| 0065] 0066 | 0067) 0068) 0069 | 0071] 0072} 0073] 0074 
0062} 0064] 0065 | 0066] 0067) 0068 | 0069] 0071] 0072 | 0073 
00614} 0062} 0064 | 0065) 0066) 0067 | 0068] 0069| 0071 | 0072 
-0060} 0061} 0063 | 0064! 0065} 0066 | 0067] 0068) 0069 | 0071 
-0059| 0060} 0062 | 0063] 0064] 0065 | 0066} 0067) 0068 | 006 
+0058} 0059| 0061 | 0062| 0063} 0064 | 0065] 0066] 0067 | 006 


0057] 0058} 0060 | 0061| 0062} 0063 | 0064} 0065] 0066 | 0067 
+0056} 0057] 0059 | 0060} 0061! 0062 | 0063} 0064! 0065 | 0066 
0055] 0057] 0058} 0059] 0060} 0061 | 0062] 0063] 0064 | 0065 
+0055] 0056} 0057 | 0058] 0059] 0060| 0061) 0062} 0063 | 0064 
+0054] 0055] 0056 | 0057| 0058) 0059 | 0060] C061} 0062 | 0063 
+0053] 0054] 0055 | 0056] 0057] 0058 | Co5g| C060] O06: | 0062 


+0052] 0053] 0054 | 0055] 0056] 0057 | 0058} 0059] C060] cob1 
-0051| 0052] 0053 | 0054] 0055| 0056 | 0057) 0058] 0059 | 0060 
+0050] 0051} 0052] 0053) 0054| 0055 | 0056] 0057| 0058 | 0059 
+0050] 0051} 0051 | 0052/ 0053] 0054 | 0055] 0056) 0057] 0058 
+0049] 0050} 0051 | 0052| 0052] 0053] 0054| 0055] 0056] 0057 
+0048} 0049} 0050] 0051| 0052) 0053] 0053] 0054) 0055 | 0056 


+0047] 0048} 0049 | 0050] 0051] 0052 | 0053] 0053) 0054] 0055) ...... 
+0047] 0047; 0048 | 0049] 0050] 0051 | 0052] 0053} 0054] 0054) 0055 
-0046| 0047] 0048 | 0048} 0049] 0050] 0051] 0052 0053] 0054) 0054 
+0045] 0046| 0047 | 0048} 0048) 0049 | 0050] 0051) 0052} 0053/ 0054 
0044] 0045] 0046 | 0047] 0048] 0049 | 0049] C050] 0051 | 0052 0053 
+0044] 0045] 0045 | 0046] 0047] 0048 | 0049) 0049) 0050] 0051) 0052 


+0043) 0044] 0045 | 0045] 0046) 0047 | 0048] C049] 0049 | 0050] C051 
+0042] 0043] 0044 | 0045] 0046] 0046 | 0047] 0048) 0049 | 0050] C050 
+0042.) 3043] 004.3 | 0044) 0045) 0046 | 0046) 0047) 0048 | 0049} C050 
10041 | 0042) 0043 | 0043! 0044! 004.5 | 0046) 0046) 0047 | 0048) 0049 
0040} 004.1} 0042 | 0043] 0043) 0044 | 0045] 0046) 0047 | 0047} 0048 
+0040] 0041) CO4T | 0042] 0043] 0044 | 0044) 0045] 0046 | 0047] 0047 


+0039] 0040] 0041 | 0041] 0042} 0043 | 0044! 0044! 0045 | 0046] 0047 
+0039] 0039} 0040 | 0041) 0042) 0042 | 0043) 0044] 0044 | 0045] 0046 
-0038] 0039] 0039 | 0040] 0041] 0042 | 0042! 0043) 0044] 0044 0045 
+0037] 0038] 0039 | 0040] 0040] C041 | 0042! 0042! 0043 | 0044! 0044 
-0037| 0038| 0038 | 0039] 0040] 0040 | 0041} 0042} 0042] 0043) 0044 
0036] 0037] 0038 | 0038/ 0039/ oo4o 0040} 0041 | 0042 | 0042} 0043 


0036} 0036] 0037 0038} 0038 0039 | 004.0] 0040] C041 | 0042] C042 
10035] 0036} 0037 | 0037| 0038) 0039 | 0039; 0040] 0040] 0041] C042 
+0035} 0035} 0036 | 0037| 0037| 0038 | 0039] 0039) C040] Co4o} oo41 
-0034] 0035] 0035 | 0036) 0037) 0037 | 0038] 0039] 0039 | c040| oo40 
-0934| 0034] 0035 | 0036) 0036) 0037 | 0037] 0038) 0039] 0039! oo40 
+0933) 0034] 0034 | 0035] 0036) 0036 | 0037) 0037) 0038 | 0039| 0039 


0033] 0034 | 0034) 0035} 0036 | 0036] 0037} 0037 | 0038) 0039 
0033} 0033 | 0034| 0035] 0035 | 0036) 0036) 0037 | 0037! 0038 
0032} 0033 | 0033) 0034) 0035 | 0035] 0036) 0036 | 0037) 0037 
0032| 0032 | 0033] 0033] 0034 | 0035) 0035} 0036 | 0036) 0037 
0031] 0032 | 0032) 0033} 0034 | 0034) 0035) 0035 | 0036} 0036 
0031) 0031 | 0032) 0032) 0033 | 0034) 0034! 0035 | 0035] 0036 


0030] 0031 | 0031) 0032) 0033 | 0033} 0034! 0034] 0035) 0035 
0030} 9030] 0031| 0031| 0032 | 0033) 0033} 0034] 0034! 0035 
0029] 0030} 0030] 0031) 0032 | 0032| 0033} 0033 | 0034) 0034 
0029] 0029 | 0030} 0031} 0031 | 0032) 0032} 0033} 0033| 0034 
0029] 0029 | 0030} 0030] 0031 | 0031] 0032] 0032 | 0033] 0033 
0028] 0029 | 0029} 0030) 0030 | 0031] 0031] €@32 | 0032] 0033 


0028} 0028 | 0029] 0029] 0030 | 0030} 0031] 0031 | 0032! 0032 
0027} 0028 | 0028) 0029] 0029 | 0030] 0030] 0031 | 0031| 0032 
0027] 0027 | 0028! 0028] 0029 | 0029] 0030} 0030] 0031] 0031 
0026] 0027 | 0027} 0028] 0028 | 0029} 0029] 0030 0030} 0031 
0026] 0026 | 0027) 0027] 0028 | 0028] 0029 0029 | 0030} 0030 
0026} 0026 | 0026) 0027] 0027 | 0028] 0028] oo29 0029] 0030 


0025} 0026 | 0026! 0027] 0027 | 0027} 0028} 0028 | oo29 0029 
{ 


i 


TABLE XV. Log A, 


For correcting Lunar Distances. 


REDUCED PARALLAX AND REFRACTION OF p. 


Alt. 
of D-| 54’ | 52’ | 53’ | 54’ | 55’ | 56’ | 57’ | 58’ | 59’ | 60’ 
° , 
45 0] .0025| 0026! 0026 |] 0027| 0027| 0027 | 0028] 0028] 0029 | 0029 
30] .0025| 0025} 0025 | 0026| 0026] 0027 | 0027] 0028} 0028 | 0028 
46 0] .0024| 0024] 0025 | 0025) 0026! 0026 | 0027| 0027) 0027 | 0028 
30] .0023| 0024] 0024 | 0025] 0025] 0026 | 0026) 0026} 0027 | 0027 
47 0] .0023] 0023] 0024 | 0024] 0025] 0025 | 0025] 0026] 0026 | 0026 
30] .0022) 0023] 0023 | 0024] 0024) 0024 | 0025] 0025] C025 | 0026 
48 0] .0022| 0022] 0023 | 0023] 0023} 0024 | 0024] 0024| 0025 | 0025 
30] .0021| 0022] 0022 | 0022] 0023] 0023 | 0024] 0024] 0024 | 0025 
49 01 .0021| 0021] 0022 | 0022] 0022] 0023 | 0023) 00243| 0024 | 0024 
30} .0020] 0021] 0021 | 0021} 0022] 0022 | 0022] 0023] 0023] 0023 
50 0} .0020] 0020] 0020] 0021] 0021} 0022 | 0022] 0022| 0023] 0023 
30} .0019] 0020] 0020 | 0020} 0021] 0021 | 0021| 0022] 0022 | 0022 
51 0] .c019| 0019] 0020 | 0020) 0020} 0020] 0021] 0021] 0021 | 0022 
30} .0018] 0019] COTY | Co1g| 0020) 0020] 0020] 0021] C021 | C021 
52 0] .0018| 0018] 0019 | 0019] CO1g] Cog | 0020] 0020] 0020} oo21 
30] .0018| 0018] 0018 | 0018] CO1g}] COTY | COIg| 0020} 0020] 0020 
53 0} .0017| 0017} 0018 | 0018) Co18} COr8 | 001g] COI] COTY | Co20 
30] .0017| 0017] 0017 | 0017) 0018] COL8 | 0018] COTg] COTg | CC1g 
54 0} .0016| 0016} 0017] 0017| 0017) 0018 | 0018] 0018) cor8 | oorg 
30] .0016| 0016] 0016 | 0017) 0017] 0017 | 0017] C018} C018 | 0018 
55 0] .0015| 0016] 0016 | 0016] 0016) 0017 | C017| 0017] 0017} CO18 
30] .0015| 0015] COTS | 0016} C016) C016 | 0016) COI7| COI7 | COI7 
56 0] .0015] 0015] 0015 | C015) C016! Co16 | C016} 0016] 0017 | Co17 
30} .0014| 0014] 0015 | COIS) COIS] COTS | 0016| 0016! Oor6 | 0016 
57 0] .0014] oo14} Co14] C015] COIS] COTS | 0015] COIS] 0016 | Co16 
30] .0014| cor4| 0014] C014! COT4] COTS | C015] COIS] COTS | COIS 
58 0} .0013| 0013] COF4 | CO14) CO14] COT4] 0014) COIS] COIS | COTS 
30] .0013) 0013] CO13 | C013] CO14| COT4 | CO14| COT4) COT4 | COTS 
59 0} .co12| 0013] 0013 | 0013) 0013) C013] COT4| COT4] COI4 | CO14 
30] .qo12z| 0012] 0012 | 0013) 0013] COT 3] 0013] COT3) CO14} COT4 
60 .0012| 0012| C012 | 0012] 0013] 0013 | 0013] 0013] 0013] 0013 
61 .0o1r| oor1| COIL | CO12| CO12| COT2 | 0012] COI2| COI2] 0013 
62 .OO11| oor1| COIL | OoT1| COIT| COI | COTI| COI2| COI2) COIT2 
63 .OO10| COTO] COTO] COTO] OOIT| COIL} COTI| COIT| COIT| COLT 
64 .0009| 0010} COTO| COTO) CO1O] COIO | COTO) COTO) COTO} Corr 
65 .0009| 0009] 0009 | 000g) 000g} 0009 | COO} COIO| COTO} COTO 
66 .0008| 0008] 0009 | 0009] 0009] C009 | 000g] 9009] 0009 | 000g 
67 .0008] 0008] 0008 | 0008] 0008] 0008 | 0008} C009} 0009 | 000g 
68 .0007] 0007| 0008 | 0008] 0008) 0008 | 0008! 0008) 0008 | 0008 
‘69 .0007| 0007] 0007 | 0007} 0007| 0007 | 0007] 0008) 0008 | 0008 
70 .0007| 0007| 0007 | 0007} 0007} 0007 | 0007| 0007) 0007 | 0007 
71 .0006| 0006] 0006 | 0006| 0006} 0007 | 0007} 0007} 0007 | 0007 
72 .0006| 0006| 0006 | 0006) 0006] 0006 | 0006} 0006} 0006 | 0006 
73 ':2005| 0005] 0006 | 0006] 0006] 0006 | 0006} 0006} o006 0006 
74 0005} 0005| 0005 | 0005) 0005] 0005 | 0005] 0005} C005 | 0006 
75 «0005 | 0005| 0005 | 0005] 0005} 0005 | 0005} 0005} 0005 | 0005 
76 0004] 0005| 0005 | C005) 0005] 0005 | 0005] 0005) 0005 | 0005 
77 0004} 0004) 0004 | 0004| 0004) 0004 | 0004] 0004] C004 | 0004 
78 .0004| 0004] 0004 | 0004! 0004] 0004 | 0004| 0004| C004 | COO4 
7 0004. 0004] 0004 | 0004| 0004] 0004 | 0004] 0004) C004 | 0004 
80 .0004| 0004| 0004] 0004| 0004] 0004 | 0004| 0004) C004 | 0004 
81 .0003 | 0003} 0003 | 0003] 0003] 0003 | 0003] 0003] 0003 | 0003 
82 2003] 0003] 0003 | 0003] 0003] 0003 | 0c03! 0003] 0003 | 0003 
83 .0003| 0003] 0003 | 0003] 0003} 0003 | 0003] 0003} 0003 | 9003 
84 0003] 0003] 0003 | 0003] 0003} 0003 | 0003] 0003] 0003 | 0003 
85 .0003| 0003] 0003] 0003] 0003] 0003 | 0003} 0003] 0003 | 0003 
86 0003] 0003] 0003 | 0003] 0003) 0003 | 0003] 0003] 0003 | 0003 
87 .0003| 0003] 0003 | 0003] 0003} 0003 | 0003] 0003) 0003] 0003 
88 0003 0003| 0003 | 0003} 0003] 0003 | 0003] 0003] 0003 | 0003 
89 .0003| 0003] 0003] 0003] 0003] 0003 [ 0003) 9003) 0003] 0003 
0003] 0003] 0003 | 0003] 0003] 0003] 0003 
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TABLE XV. Log B. 


For Correcting Lunar Distances. 


te Alt REDUCED REFRACTION AND PARALLAX OF © OR *. 
of ict 
© or Ke 0’ 0” 0’ 30’ 3K 0” V 30” OMe 0” Gye 30” o 0” 3’ 30” 4 0” 4’ 30” 5/ QO” 5/ 30” 
i. (VAI) Sesca1 ic sshouedprcoccso | |p ooseea elencecneelmeccqeoes ||icocdce If sacsuon, |i) cocob) || acaee, | coguco  |f joucooc 
‘Web ees [li tesco ll -ccpenoeal btconeoslmeerecetedfsesston «|; tcdecsm=al[P-coooso P cépocc: |}! cccccns 7h Gonads. || socans 
SYN see dl! Sisesae.ill sotceon tl locceoceeln pioneer tectecoen || Mebpoco NhcatenG all ccrtes! Ti oocce i! coptese. “ip SGb00 
3 QUE Eee Ui maccctee | eicess Jl! wesvas ||) saecman lj] seevscin lietbaces ul uresienos si itecneceom! [eect ecam | MNaE aes 
A eS. |) Seco le paucanmll beasepepe leecceno: aMennossee AI eaocsery diescoocon | ecotacs® Ifa tacnot® Ij veanne 
IO | “Gokces: AL osksosf> osbenion lh oetear alll connourel casas, |lk toucko: Pscosode: JI gsccces «|| cctiece |p)» cadoox 
GeO eeeeeerma| wereeen |) Geseers) |) cows | sevece | eenwen | neetse 9) masse ll Sexenne) [aineemary Ui onehnrs ieeaes 
ON || sacred  sopecee lis decbene | Jemreoande He obenoou |Pmcocbdatl| | aptees Ili Mo5cade Il dacose || conan: 4) cooeee 9-9970 
AQ econo lV pbecaceal Geascee af saSebpo, |) opens. ||losooan|| eecroccomefeiconto. 1i|| soso. |) scotcos. ||| cacuct 9-9972 
HO lhcaense et) Rteacs lll caaeseal 1) ockase |p Seeceube i [iicionaor || menocen |e ceases fl acac6. 1} cxsboo 9.9976} 9.9974 
DAO || asutes Wi) pecsee eessece MP cuétoo: le wanaces IN leancop, IV dsconc el) cooort ill) <ccasus 4) scocnee 9-9977\ 9-9975 
AND HN ecosee Mlleeeoncoail lassenaee 4 {lucoocca Hh ochouer. \hsebodde, 4 lleccoco lle vaseccar Ill, “axoaS 9-9981) 9.9973] 9.9976 
SW i aseenak tF euodeecn a [leiageesoulll fl aaeasse ll tiesocaceona meeessecins umScrcanel ll ocosco! Wf edocs 9-9982] 9.9979] 9-9977 
DD) ccceon Po meccben | ccdsae ih “codshg. F epsccee AV aoncoar |beescoas Hf scarace || “oseose 9-9982| 9-9980} 9.9973, 
AAD. \\ center o|petdecde, dimeccesen oll soreedce Mecriona at enccnde, lp Goobec Pesdae || cobcee 9-9983] 9.9981) 9.9979 
@: Ol) csssaa [i ssacBorre ll) Motecra, all) easoson ll ctesoni all coctcs IE Aeecco: Ih csecec 9.9986] 9.9984] 9.9982) 9.9980 
OM (Writer Wate ccall disuse futeseeueonll Mees ite: Ulfeceeccow | acca tl Reeoese 9-9986| 9.9985] 9.9983] 9.9981 
1G) | bs Boscom Ne PERERCROa im epee es reece seeereuhllleetuccle allude seeh ul arceeare 9-9987 19-9985] 9-9983] 9.9982 
UO O|h cseac5 |) booean 1 cxsono: ||) cecptio’ |b -coonce || ccaccn. fp coonst 9-9989] 9.9988 | 9.9936] 9.9984] 9.9982 
Tl eons 4h veceeng: (Mi Geocee a Il caocoo. fi choos a |) peedee 9.9992] 9-9991| 9-9989 | 9-9987] 9.9986] 9.9984 
12% 1K deascs | Spano | Pranocce. ll Boucoce ll iaseeo0! tlh sence 9.9993] 9-9992| 9-9990]| 9-9989] 9-9987| 9-9986 
V3 ie Goaka6 |) ooncob= IP Sanson a Wieateboon ly eenecee 9-9995] 9-9994| 9-99921 9-9991] 9-9990] 9.9989] 9.9987 
A ale oseseat | voaees ansasa ||) soceos |] cease 9-:9995| 9-9994! 9-9993] 9-9992] 9-9991| 9-9990] eer 
US|) ppessat |b acco6oo WH Sesage |) cadand 9-99971 9-999] 9.9995] 9-9994) 9.9993] 9-9992| 9-9991| «++. 
GB | peseccom ll osecces oh essed: fl osences 9:9997/ 9-9996| 9-9995] 9-9994| 9-9993] 9-9993] ws-re. | ceesee 
18 seacoo. | <uncéac If asese 9-999°] 9-99938) 9.9997] 9-9996] 9.9995] 9-9995] were | cseee | ceenee 
OMIA |Wkeenrsc ces es. 0.0000 | 9.9999! 9.9998) 9.9998 | 9.9997] 9.9996] 9.9996] wereee | ceeree | ceeeee 
35) | \Weeracreyn oleae 0.0000 | 0.0000} 9.9999} 9.9999] 9.9998] 9.9998] ...0.. | ceeeee | ceceee | ceeeee 
30 Dacere 0.0001} 0.0001 | 0.0000] 0.0000] 0.0000] 9.9999] ...-.- Westen ayjcostco || osdos |) scocoe 
50 HCTeKo} ||| Ces seHeheo} tl (Hetero | haley I KoNo | CKD | crcech || cereas || casos || secs || coca |) coo. 
90 ioefolele) Uli @yeele)-4I| eHeletoy4] Kewererer i" Soocaa ||| ances. || cacsce” |Mecoceco I) socecn IP cocns Ij Sacco |) ccc 


REDUCED REFRACTION AND PARALLAX OF © OR x. 


6’ 30” | 10” | 1 30” | 2 0” | 2 30” | 3° 0” | 3 30” | 4 0” | 4 30” | 5 0” | 5’ 30” 


Wvesias |) Haepesis if! iesseaiss Ol weiseiee? a os 
vevee F savcese | eeecce | conces | ceases | seecce |) eascne 


sees | sensi fF seeeee | emcene | «Sesvee ([iureeses li Sivesuual | lmueen een 


seeees 9-9993] 9-9992| 9-999) 9.9989 | 9.9988) 9.9987| 9.9985 
SSereros| arse 9-99941 9-9993] 9-9991| 9-9999] 9.9989) 9.9983)... 
ceeeee 9-999 5) 9:9994] 9-9993/ 9-9992) 9.9991] 9-9990| 9.9989)». 
seseee 9-9995| 9-9995 | 9-9994/ 9.9993] 9-9992| 9.9990] wer. | creer 
vesees 9:9996| 9-9995 | 9-9994) 9-9993] 9-9992| 9.9991] sss | sneces 
Senses 9-9997| 9.9996 9:99951 9-9994) 9-9994] 9.9993] «..... soee's eesees 


onesGe 9-9998| 9.9998] 9.9997 9-9996| 9.9995] 9.9 
ree 9994) 9-9993] sss 
9-9999 9-9998) 9.9998) 9.9997] 9.9996] 9.9996] .....- 


0.0000] 0.0000 0.0000} ...... 


eoveee |  seceee 


A1A 


TABLE XV. Log B, 


For Correcting Lunar Distances. 


REDUCED REFRACTION AND PARALLAX OF © OR x. 


of 
© or *. 6/ 0” 6’ 30’ Ve 0” it 30” 8’ 0” 8’ 30” gy 0” ij y/ 30” 10’ 0” 10’ 30” 117 0” it’ 30” 


estes 9-9951| 9-9947| 9-9944| 9-994°| 9.9937] 9-9933) 9-9929| 9.9926] 9.9922] 9.9919 
esses 9:9953] 9-9949| 9-9946| 9.9942 | 9.9939] 9-9935] 9-9932| 9-9928) 9.9925] 9.9921 
20 | cesses | teens 9-995419-9951| 9.9948] 9.9944 | 9.9941| 9-9937/ 9-9934| 9-9931| 9-9927| 9-9924 
30 | ee 9:9959] 9-995©| 9-9952| 9-9949| 9.9946 | 9.9943] 9-9939| 9-9936| 9-9933) 9-9929| «-.-- 
sees 9-996°| 9-9957] 9-9954) 9-9951| 9.9948 | 9.9944] 9-9941| 9-9938 | 9-9935| 9-9932| s+ 
50 19.9965) 9-9962) 9.9953] 9.9955] 9-9952| 9-9949 | 9-9946| 9-9943) 9-9949] 9-9937| ss0 | sere 


6 9 19.9966) 9.9963] 9.9960] 9-9957| 9-9954| 9-9951] 9.9948] 9-9945| 9-9942]9-9939| sree | sree 
20 | 9.9968} 9.9965] 9.9962] 9.9959} 9-9956| 9.9954] 9.9951| 9-9948] 9-9945] cseeee | cesses | ceeeee 
40 | 9.9969] 9-9967| 9-99641 9.9961) 9.9959] 9-9956] 9.9953) 9-9951| 9-9948] ccece. | veeeee | ceeeee 

T 0 |9.9971| 9.9968] 9.9966| 9.9963] 9.9961) 9.9958 959950) 9.9953 eescccmn | ieececell| (tw aceceial teeeaee 
20 | 9.9972] 9.9970) 9-9963]| 9.9965] 9.9963] 9.996019.9958] 2.00. | ceeree | ceseee | ceveee | ceceee 
LOR TO.9 97419-99711 9599691919907 9.69015 19°9902)| \sncese ||| eecssetal| ects || (escsac) le=rnee-eim | ecenees 


SO 9-99751.9-997-3119-997 19599 05/10:990019:9904 || yr.cc.\|) ccseeel || vececos I] ances) || uewesiell meoeeee 
ZU MIOLO 9701920974 089972 (O50 0 7,O],9:0903]0 vencese || cxee2+) || (ecesreiliitssacse i]! sense) hl iuecee seme |imeeeees 
AD || OOO GORD ISI CHO IOB 7H “ncccon al) oscs8 |) egcco. leeconond |) nde000 ||) edoonn asesee) Il) easene 

MOOS 9 9759.99 7.049: 9 07/4 OLOOF2Ne cotesoe Ii saieevs c]) sonsem eteceeso || Ueerees |) boceren | iteesee 
AD LOO ADNCME RO Zyl Ie I77G)|| “naceco ol) coscos: ||I)_eopeore sll Icoueno. a) Gcecca I caone0 ty) cooases]) icscccc 
AD QO ACERS DEC 7AD] | scoontinn || saomace Hl Mocca Me teeeaane | cooeca || Sacon Il ecocuse all ccd 4] cones 


NOM CELA VA\| oSc00, he onbn ||) ecopodes tl || fadaoso tbe icasod I) Gpados |b assoc MP sccscte | osc 


eonnce “| ceceee | socces | cccces | coccce | cescce | secvce | coves | cvecce .| covvee | covees 


eocece | coevee | sevcee | cesses |) cevece | ceoces | evecce | cevcee | coscee | cevees | covcoe 7 cevcce 
tenes | seeeee | ceeeee | seceee | coveee | seveee | weveee | eeeeee | ceveee | seeeee 


eeeees | weeeee | weeeve | seveee | concen | waseee | seveee | eevee | seevee | eeeeee | ceeeee | seeeee 


seccee | ceovee | sesree | ceeves | seecee | covcee Ff coveee | eeeeee | ceveee | cevvee | seecce | ceccee 


REDUCED REFRACTION AND PARALLAX OF © OR *. 


© or *- | g ov | 6 30” | 7 0” | 7 30”| 8 0” | 8 30” | 9 0” | 9 30” | 10’ 0” |10’ 30”| 11 0” | 11’ 30” 


BONY wessee | sseeee 9-9949 | 9-9946| 9.9942) 9.9938 | 9-9935] 9-9931| 9-9927] 9.9924] 9.9920) 9.9916 
20 |... 9-9956}| 9.9953] 9-9949] 9-9946) 9.99421 9.9939] 9-993] 9-9932] 9-9929| 9-9925] 9.9922 
40 19.9962) 9.9959] 9-9955 | 9-9952| 9-9949) 9-9946 | 9.9943] 9-9939| 9-9936] 9-9933] 9-9930| «++... 

6 0 | 9.9964} 9-9961) 9.9953] 9-9955| 9-9952| 9-9949 | 9-994] 9.9943] 9-994] 9-9937| sss | seers 
20 | 9.9966) 9.9963] 9-9960] 9.9957! 9-9955| 9-9952| 9-9949| 9-9946) 9-9943] sere | sereer | setae 


soccee | eeecee | coevee 


seeeee | eeeeee Po seceee | seeeee 
aveces | ceecee | coeeee | cossee | sevvee | coveee | covcce 
ecccce | cocses | aocccee | covcce | seccee | -6escce [| ceeces | ccbeoe | eccvce 


eecces | cvcces | sevesce | coscese ff ecvccee | <evense | seeces [| sescce | cocese | oecves 


TABLE XV. Log D. 


For correcting Lunar Distances. 


REDUCED PARALLAX AND REFRACTION 


50 


TABLE XV. Log D. 


For correcting Lunar Distances. 


REDUCED PARALLAX AND REFRACTION OF D. 
Alt. 1 \ 


45’ | 46’ | 47 | 48’ | 49’ | 50’ | 51’ | 52’ | 53’ | SL | 55’ | 56’ | ST | 58’ 


8 0.0192] 0196] 0200 | 0204) 0208) 0212 | 0217) 0221] 0225] 0229) 0233] 0237 
5} .0190| 0194] 0198 | 0202] 0206) 0210] 0214] 0213} 0222] 0227| 0231) 0235 
10| .0188] o192| 0196 0200] 0204] 0208 | 0212| 0216} 0220] 0224] 0228 0232 
15] 0186] 0190] 0194] 0198) 0202} 0206 | 0210) 0214) 0218] 0222] 0226] 0230 
20} .0184| 0188] 0192] 0196] 0200} 0204 | 0207] 0211| 0215] 0219] 0223) 0227 
25| .0182| 0186| 0190] 0194] 0197) 0201 | 0205| 0209] 0213] 0217] 0221] 0225 


8 30| 0180] 0184) 0188 | 0192) 0195) 0199 | 0203] 0207| 0211] 0215] 0219] 0223 
35] .0178| 0182] 0186] 0190] 0193) 0197] 0201] 0205] 0209] 0213) 0216; 0220 
40} .0176] 0180] 0184] 0188] o191| 0195 | 0199] 0203] 0207] 0210] 0214] 0218 
45] .0174| 0178] 0182] 0186) 0189; 0193 | 0197! 0201] 0205 | 0208] 0212) 0216 
50 | 0173} 0176| 0180] 0184! 0188) 0191] 0195! 0199) 0202] 0206] o210] 0214 
55] -O171| 0175] 0178 | 0182] 0186) 0189 | 0193] 0197) 0200] 0204] 0208] 0212 


9 (| .0169] 0173] 0177] 0180] 0184] 0188] O191| 0195] 0198] 0202) 0206) 0209 
5| .0167| o171| 0175 | 0178) 0182} 0186] 0189] 0193] 0197] 0200] 0204] 0207 
10} 0166} 0169] 0173 ] 0177) 0180) 0184] 0187] O19] C195] 0198] 0202] 0205 
15] .0164| 0168) 0171] 0175] 0179, 0182 | 0186) 0189] 0193 | 0196) 0200} 0203 
20 | 0163] 0166] 0170] 0173] 0177] 0180] 0184] 0187] O1g1] O194| O198] C201 
25] .0161| 0165) 0168 J 0172] 0175) 0179 | 0182] 0186) 0189] 0193] 0196) 0199 


9 30 0163} 0166] 0170] 0173} 0177] 0180! 0184! 0187] o1g1} O194| 0198 )...... 

35 o161| 0165 } 0168} 0172| 0175 | 0179} 0182) 0185] 0189] 0192] 0196 ]...... 

40 0160] 0163] 0167] 0170] 0174] 0177) 0180) 0184] 0187] C191] O194)...... 

45 0158] 0162] 0165} 0169) 0172] 0175] 0179) 0182] 0185) 0189] 0192] O195 

50 -0157| 0160]0164| 0167] 0170] 0174| 0177] 0180] 0184] 0187| C190} 0194 

55 0156] 0159] 0162| 0165) 0169] 0172) 0175] 0179] 0182) 0185] 0189 | org2 

10 0 0154] 0157] 0161) 0164) 0167] 0171] 0174] 0177] 0180] 0184) 0187] o190 

5 0153] 0156} 0159| 0162] 0166] 0169] 0172] 0175] 0179) 0182] 0185 | 0188 

10 O1§1| 0155] 0158] 0161) 0164] 0167| 0171| 0174] 0177] 0180] 0183] 0187 

15 0150] 0153] 0156] 0160) 0163 | 0166) 0169] 0172] 0175) 0179) 0182] 0185 

20 0149] 0152] 0455) 0158} O161] 0164] 0168] O71 | 0174) 0177] C180] 0183 

25 0147| 0150] 0154| 0157} 0160] 0163] 0166) 0169} 0172) 0175] 0179] 0182 

10 30 0146] 0149] 0152] 0155] O158 | 0162) 0165] 0168] 0171] 0174) 0177] 0180 

35 0145] 0148] 0151} 0154| 0157 | 0160) 0163) 0166] 0169] 0172] 0175 | 0179 

40 0143] 0147] 0150) 0153] 0156] 0159| 0162) 0165] 0168) o171| 0174] 0177 

45 0142| 0145] 0148] 0151] 0154] 0157] 0160) 0163] 0166) 0169) 0172] 0175 

50 OI41| 0144] 0147| 0150] 0153] 0156| 0159] 0162] 0165] 0168) O17 | 0174 

55 0140] 0143] 0146| or4g| 0152] 0155| 0158] 0161] 0164] 0167) 0170] 0172 

ll 0 0139] 0142] 0145] 0147) 0150] 0153] 0156] 0159] 0162) 0165] 0168] o171 

5 0137| 0140] 0143) 0146, 0149 | 0152] 0155] 0158] o161) 0164) 0167] o170 

TKD oe | Malsassoos 0139 | 0142) 0145) 0148] 0151] 0154) 0157] 0159] 0162] 0165] 0168 

Nal I) domed 0138 | 0141] 0144) 0147] 0150] 0152) 0155] 0158] o161| 0164} 0167 

OX | Set asa 0137] 0140] 0143] 0145] 0148] 0151] 0154] 0157| C160 0163] 0165 

Dis) ll sacese 0136] 0139; o141| 0144] 0147) 0150] 0153] 0156) 0158] O161 | 0164 

11 30 | 0135 | 0137) 0140) 0143] 0146} 0149} O151] 0154) 0157| C160] 0163 

35 j 0133 | 0136| 0139) 0142] 0145] 0147| 0150] 0153] 0156] 0159} C161 

40 0132 | 0135| 0138] 0141 | 0143] 0146] 0149 | 0152| 0154] 0157] 0160 

45 0131 | 0134| 0137] 0140] 0142] O145| 0148] O150/ 0153 0156] 0159 

50 0130] 0133| 0136, 0138] 0141] 0144] 0147] 0149) O52) 0155} 0157 

55 0129 | 0132| 0135] 0137] 0140] 0143] 0145 | 0148] O51) 0153] 0156 

12 0 0128 | 0131| 0134) 0136] 0139] 0142] 0144] 0147) C150] O152] 0155 

5 0127 0130! 0132) 0135 0138] 0140] 0143] 0146] 0148] O151} 0154 

10 0126 | 0129] 0131] 0134 | 0137] 0139] 0142] 0145) O147| C150] 0152 

15 0125 | 0128] 0130] 0133] 0136] 0138] 0141 | 0143] 0146) 0149] O151 

20 0124] 0127| 0129| 0132] 0135] 0137] 0140] 0142] O145| O147] 0150 

25 0123 | 0126] 0128] 0131 | 0133] 0136] 0139] O141] 0144 0146 | o149 
12 30 0122] 0125| 0127] 0130] 0132] 0135] 0138 | O40] 0143] 0145 | 0148) «..... 
35 o121 | o124| 0126] 0129] 0131] 0134) 0136] 0139] O141| 0144 | O147| eres 
40 0120 | 0123] 0125] 0128 | 0130] 0133] 0135 | 0138] O140) 0143] O145) verve 
45 o11g |] 0122| 0124] 0127] 0129] 0432] 0134] 0137) 0139] 0142} 0144) 0147 
50 0118] o121| 0123] 0126 | 0128] 0131] 0133] 0136] 0133) C141] 0143) 0146 
55 0118] 0120] 0123] 0125 | 0127| 0130] 0132] 0135) 0137) 0140] 0142) O145 
13 0 0117] 0119] 0122| 0124] 0126| 0129] 0131 | 0134) 0136] 0139 O14) 0143 


617 


TABLE XV. Log D. 


For correcting Lunar Distances. 


REDUCED PARALLAX AND 


REFRACTION OF D. 


i | 
43’ | 48’ | 49° | 50’ | 51’ | 52’ | 53° | 54’ | 55’ | 56 | 57’ | 58" | 59’ 
/ 

0117] 0119] 0122 | 0124] 0126] 0129] 0131| 0134) 0136] 0139] O41] O143 

10 | 0115] O117| 0120] 0122] 0125) 0127] 0129) 0132) 0134] 0137| 0139) O141 

90 | 0213] 0116] 0118 | 0120] 0123] 0125 | 0127) 0130) 0132} 0134! 0137) 0139 

30 | .o112] 0114] 0116] 0119] C121} 0123 | 0125] 0128] 0130] 0132) 0135| 0137 

AQ] --vees o112] 0114 | o117/ C119} 0121 | 0124] 0126, 0128 | 0131| 0133) 0135 

RXN|) copes OLII} 0113] 0115} O117| 0120] 0122] 0124] 0126 | 0129] 0131] 0133 

0109] o111 | o113| 0116] 0118] 0120] O122| 0125] 0127) 0129] O131 

10 0107| o110] O112/ O114| 0116] 0118} O121| 0123 | 0125] 0127] 0129 

20 0106] o108 J or10| o112| O14] O17] OL19| O121 | 0123] 0125] 0127 

30 0104] 0106] 0109] O111| O113] 0115] OLI7| C119] O121| 0123] 0126 

40 0103} O105 | O107| O109| OL11| 0113} OLS} C118] O20] 0122) 0124 

50 OLOI| 0103 ] 0106] 0108) C110] O112! O114| OT16 | O113) C120) O122 

O100] O102 | 0104] 0106} 0108 | or10} 0112! OL14|0116| O118} O120 

10 0099! OLOI | 0103] O105| 0107] O109| CITI) O113]O1I5| C117) O119 

20 0097| 0099 | OIOI| 0103] O105] 0107] C109) OIII | O13) C115) O117 

30 0096} 0098 | o100) 0102] O104] 0106! O108] OTIO] O12) O113} C115 

40 0094) 0096 | 0098} O100} O102| o104| O106| C108] O10) O112| C114 

50 0093} 0095 | 0097] 0099) C101 | 0103] OLO5| O107] O108| OIIO} O12 

0092} 0094 | 0096) 0098) 0099] o101| 0103] O105 |} O107| O10Q} O11I 

10 0091} 0093 | 0094) 0096) 0098 | o100| 0102} C104] 0106) C107} C109 

20 0089] C091 | 0093] 0095} 0097 0099] OL00| 0102] 0104) C106) C108 

30 0088} 0090 | 0092] 0094| 0096} 0097| 0099| C101 | 0103] o105| 0106 

40 0087} 0089 | 00g1| 0092] 0094} 0096| 0098) C100] OLOT| 0103] O105 

50 0086} 0088 | 0089] C091} 0093 | 0095} 0096) 0098 | C100} O102| C104 

0085) 0087 | 0088 cogo0| co92 0093] 0095) 0097 | 0099] C100) OT02 

10 0084] 0085 | 0087] 0089] c0g91 | 0092) 0094| 0096 | 0097) c0g9| o101 

20 0083} 0084 | 0086] 0088) o089 | cog1| 0093) 0094 | 0096] 0098} 0099 

BD) Mh seed 0083 | 0085] 0086} 0088 | oog0; C091) 0093 | 0095| 0096} 0098 

AN = Aaa 0082 | 0084] 0085) 0087 0089] 0090! 0092 | 0094! 0095) 0097 

OME lBeseas 0081 | 0083] 0084) 0086 | 0087] 0089] c091 | 0092! 0094) 0096 
0080 | 0082| 0083] 0085 | 0086) 0088); cog0 | c0g1| 0093] 0094] ...... 
20 0078 | 0079] 0O81| 0083 | 0084] 0086} 0087 | 0089) 0090} 0092 | 0093 
40 0076 | 0077} 0079} 0080] 0082] 0083} 0085 | 0087] 0088) o090] cogt 
7119 0 0074 | 0075] 0077) 0078] 0080) 0081) 0083 | 0084! 0086] 0087 | 0089 
20 0072 | 0073] 0075] 0076] 0078] 0079! O08 | 0082] 0084! 0085 | 0086 
40 0079 | 0072] 0073} 0074} 0076) 0077] 0079 | 0080} CO81| 0083} 0084 
20 0 0068 | 0070] 0071} 0073] 0074] 0075] 0077 | 0078] 0079| 0081 | o082 
20 0067 | 0068) 0069] 0071 | 0072] 0073} 0075 | 0076) 0077] 0079 | 0080 
40 0065 | 0066] 0068) 0069] 0070} 0072| 0073] 0074) 0075| 0077 | 0078 
21 0 0063 | 0065] 0066] 0067] 0068) 0070! 0071 0072) 0074 0075 | 0076 
20 0062 | 0063] 0064) 0065 | 0067) 0068} 0069 | 0070| 0072| 0073 0074 
40 0060} 0061] 0063} 0064] 0065] 0066} 0067 0069} 0070] 0071 | 0072 
22 0 0059 | 0060} 0061) 0062 | 0063! 0065} 0066 | 0067! 0068! 0069 | 0070 
20 0057 | 0058] 0059! 0061 | 0062! 0063! 0064 | 0065} 0066) 0068 | 0069 
40 0056 | 00§7| 0058] 0059 | 0060! 0061] 0062 | 0064) 0065} 0066 | 0067 
23 0 0054 | 0055, 0057} 0058] 0059] 0060} 0061 | 0062| 0063] 0064 | 0065 
20 0053 | 0054) 0055) 0056] 0057] 0058} 0059} 0060! 0061} 0063 | 0064 
40 0052 | 0053) 0054) 0055 | 0056) 0057; 0058] 0059| 0060} 0061 | 0062 
24 0 0050} 0051} 0052] 0053] 0054] 0055] 0056] 0057) 0058] 0059] 0060 
PAD RR | BiB asada 0050) O51) 0052] 0053) 0054) 0055 | 0056) 0057) 0058 | 0059 
20} | | ieee 2 0049] 0050) 0051] 0052) 0053) 0053] 0054] 0055| 0056] 0057 
eOMON eps le 0 Were. 0047} 0048) 0049} 0050] C051} 0052] 0053] 0054] 0055] 0056 
PAD ee a reese 0046} 0047] 0048] 0049] 0050] 0051 | 0052 0053] 0053] 0054 
40 1 + [0045] 0046] 0047] 0048] 0049! 0049 | C0S0] 0051) 0052 0053 
26 0 0044| 0045} 0046] 0046] 0047] 0048 | 0049] 0050] 0051 | 0052 
20 0043) 0043) 0044 | 0045] 0046] 0047 | 0048] 0048] 0049] 0050 
40 0041] 0042) 0043 | 0044) 0045] 0046 | 0046] 0047] 0048 | 0049 
ae 0040] 0041 | 0042 | 0043] 0044] 0044] 0045] 0046] 0047 | 0047 
7 9039] 0040} CO4T | 0042| 0042] 0043 | 0044] 0045] 0045 | 0046 
0038 | 0039] 0040] 0040] 0041] 0042 | 0043] 0043) 0044 0045 
28 0 0037) 0038) 0039] 0039] co40| oo41 0042] 0042) 0043 | 0044 


LABLE XV. Log D., 


For correcting Lunar Distances. 


REDUCED PARALLAX AND REFRACTION OF p. 


51’ 


52! 


38. 


of 


36 


ov 


38’ 


59 


60 


we? Oe AH Ge mm Oe HY OG me es Ow DA YG me sO el OS et ee Oe 


0.0037 
0.0036 
0.0034 
0.0033 
0.0031 
0.0030 


0.0028 
0.0027 
0.0026 
0.0024 
0.0023 
0.0022 


6.0021 
0.0020 
0.0018 
0.0017 
0.0016 
0.0015 


0.0014 
0.0013 
0.0012 
0,001 
0.0010 


0,0038 
0.0036 
0.0035 
0.0033 
0.0032 
0.0030 


0.0029 
0.0028 
0.0026 
0.0025 
0.0024 
0.0022 


0.0021 
0.0020 
0.0019 
0.0018 
0.0017 
0.0016 


0.0014 
0.0013 
0.0012 
0.0011 
0.0010 
©.0009 


0.0008 
0.0007 
0.0005 
0.0003 
0.0001 


0.0000 
9-9998 
9-9997 
9-9995 
9:9994 


9-9992 
9.9991 
9-999° 
9.9989 
9:9988 


9.9986 
9-9985 
9.9984 
9-9983 
9.9982 


9-99381 
9.9980 
9:9979 
9:9979 
9-9978 


9:9977 
9.9976 
9.9976 
9:9975 
9:9974 


9-9974 
9.9972 
9-9971 
9.9971 
9-997 
9.9969 


9.9968 


0.0039 
0.0037 
0.0035 
0.0034 
0.0032 
0.0031 


0.0029 
0.0028 
0.0027 
0,002.5 
0.0024 
0.0023 


0.0022 
0.0020 
0.0019 
0.0018 
0.0017 
0.0016 


0.0015 
0.0014 
0.0013 
0.0012 
0.0011 
0.0010 


0.0009 
0.0007 
0.0005 
0.0003 
0.0001 


©.0000 
9:9998 
9-9997 
9-9995 
9.9994 


9-9992 
9-9991 
9.9990 
9.9938 
9.9987 


9.9986 
9-9985 
9.9984 
9-9983 
9.9982 


9-9981 
9.9980 
9:9979 
9-9978 
9:9977 


9-9977 
9.9976 
9:9975 
9.9974 
9:9974 


9-9973 
9.9972 
9.9971 
9-997 
9-9969 
9.9969 


9-9967 


0.0039 
0.0038 
0.0036 
0.9035 
0.0033 
0.0031 


0.0030 
0.0029 
0.0027 
0.0026 
0,002.5 
0.0023 


0.0022 
0.0021 
0.0020 
0.0018 
0.0017 
0.0016 


©.001 5 
0.0014 
0.0013 
0.0012 
0.0011 
0.0010 


0.0009 
0.0007 
0.0005 
0.0003 
0.0001 


0.0000 
9.9998 
9:9997 
9-9995 
9-9994 


9-9992 
9.9991 
9-9990 
9:9988 
9.9987 


9.9986 
9-9985 
9-9934 
9-9983 
9-9981 


9:9980 
9.9980 
9-9979 
9-9978 
9:9977 


9.9976 
9-9975 
9-9975 
9:9974 
9-9973 


9:9973 
9-9971 
9-997 
9-989 
9-9969 
9.9968 


9-:9966 


0.0040 
0.0038 
0.0037 
0.0035 
0.0034 
0.0032 


0.0031 
0.0029 
0.0028 
0.0026 
0.0025 
0.0024 


0.0022 
0.0021 
0.0020 
0.0019 
0.0018 
0.0016 


0.001 5 
0.0014 
0.0013 
0.0012 
0.0011 
0.0010 


0.0009 
0.0007 
0.0005 
0.0003 
° 
0.0001 


0.0000 
9-9998 
9.9997 
9-9995 
9:9993 


9-9992 
9-9991 
9:9989 
9.9988 
9.9987 


9-9936 
9-9984 
9-9983 
9:9982 
9-9981 


9-9980 
9.9979 
9-9978 
9:9977 
9.9976 


9.9976 
9-9975 
9:9974 
9:9973 
9:9973 


9.9972 
9-9971 
9:9979° 
9.9969 
9:9968 
9-9967 


9-9966 


0.0042 


0.0040} 


0.0038 
0.0036 
0.0035 


0.0033) 


0.0032 
0,0030 
0.0029 
0.0027 
0.0026 
0.002 5 


0.0023 
0.0022 
0.0021 
0.0019 
0.0018 
0.0017 


0.0016 
0.0015 
0.0014 
0.0012 
0.0011 
0.0010 


0.0009 
0.0007 
0.0005 
0.0003 
0.0001 


0.0000 
9-9998 
9:9996 
9-9995 
9:9993 


9.9992 
9:999° 
9-9989 


319.9988 


9.9986 


9:9985 
9.9934 
9-9983 
9.9982 
9.9980 


9:9979 
9:9978 
9:9977 
9.9976 


61 9.9976 


9:9975 
9:9974 
9:9973 
9-9972 
9:9972 
9-9971 
9-9970° 
9.9969 


8] 9.9968 


9-9967 
9:9966 


9.9964 


0.0042 
0.0040 
0.0039 
0.0037 
0.0035 
0.0034 


0,0032 
0.0031 
0.0029 
0.00238 
0.0026 
0.0025 


0.0024 
0.0022 
0.0021 
0.0020 
0.0019 
0.0017 


0.0016 
0.0015 
0.0014 
0.0013 
0.0012 
0.0010 


0.0009 
0.0007 
0.0005 
0.0003 
0.0002 


0.0000 
9.9998 
9.9996 
9-9995 
9.9993 


9-9992 
9-9990 
9.9989 
9.9987 
9.9986 


9-9985 
9-9984 
9-9982 
9-9981 
9:9980 


9-9979 
9-9978 
9-9977 
9-9976 
9:9975 


oO 99714: 
9:9973 
99973 
99972 
SPS 


9-9979° 
9.9969 
9-9968 
9-9967 
9.9966 
9-9965 


9.9964 


0.0043 
0.0041 
0.0039 
0.0033 
0.0036 
0.0034 


0.0033 
0.0031 
0.0030 
0.0028 
0.0027 
0,002 5 


0.0024 
0.0023 
0.0021 
0.0020 
0.0019 
0.0018 


0.0016 
0.0015 
0.0014 
0.0013 
0.0012 
0.0011 


0.0010 
0.0007 
0.0005 
0.0003 
0.0002 


0.0000 
9-9998 
9-9996 
9:9995 
9-9993 


9-9991 
9:9990 
9-9939 
9.9987 
99986 


9-9984 
9.9983 
9-9982 
9.9981 
9.9980 
9:9979 
9:9978 
9:9977 
9.9976 
9-9975 


9-9974 
9-9973 
D992 
9:9972 
9:99 72 


9.997° 
9-9969 
9.9968 
9.9966 
99966 
9-9965 


9.9963 


0.0044 
0.0042 


0.0040 
0.0038 
0.0037 
0.0035 


0.0033 
0.0032 
0.0030 
0.0029 
0.0027 
0.0026 


0.0024 
0.0023 
0.0022 
0.0020 
0.0019 
0.0018 


0.0017 
0.0015 
0.0014 
0.0013 
0.0012 
0.0011 


0.0010 
0.0008 
0.0005 
0.0003 
0.0002 


0.0000 
9-9998 
9.9996 
9-9994 
9-9993 


9.9991 
9.9999 
9.9988 
9.9987 
9.9986 


9-9984 
9-9983 
9-9982 
9.9981 
9-9979 


9.9978 
9-9977 
9-9976 
9-9975 
9-9974 


9-9973 
099718 
99972 
9-997 
PIS 


9-9969 
9-9968 
9-9967 
9.9966 
9.9965 
9-9964. 


9-9963), 9: 


TABLE XVI. 


Second Correction of the Lunar Distance. 


Appa- FIRST CORRECTION OF DISTANCE. Ap 
t re 
tance. | 3, | a |y0"| 19’ | 14’| 16’ 18’| 20’] 21” | 29”) 93/| 24’] 25'| 26" 27”| 28"] 29” 30’) Bi’) 82/]83") 34” | 35’| 36’| 
Subtr. ” " ball Jag ” Wd Fa wow w| ow Wa 7 74 " ” WA alougr Wa " ” ” W\) Ac 
15° 0’| of 2] 3] 5} 6] 8) 11/13] 14] 16] 17] 19]20| 22/ 24] 26] 27] 29| 31] 33135) 38) 40] 42 
30] of 2] 3] 5] 6] 8) 10/13] 14] 15] 17] 18]20] 21] 23] 25] 26) 28] 30) 32134) 36) 39) 41 
16 0] of x} 3) 4] 6) 8) 10) 12] 13] 15] 16) 18] 19! 21] 22] 24) 26) 27) 29] 31133] 35) 37| 39 
30] of x] 3] 4] 6] 8) 10) 12/13] 14| 16] 17] 18] 20] 21] 23125) 27) 28| 30] 32) 34/ 36) 38 
17 0] of x] 3] 4] 6] 7] 9/11] 23) 14] 15) 16] 18) 19] 21| 22) 24) 26) 27) 29] 31] 33] 35) 37 
30} of x) 3] 4] 5] 7} 9/14} 12/13] 15] 16] 17) 19] 20] 22123] 25] 27| 28130) 32) 34) 36 
18 0} of x] 3) 4] 5] 7) 9] 12] 22] 13] 14] 15]|27| 18] 20] 21] 23] 24] 26| 28] 29) 31) 33] 35 
3 o] 1] 3! 4] 5] 7] 8) 1o}12| 13] 14) 15] 16) 18] 19] 20] 22] 23] 25|27)28) 30) 32) 34 
19 0} »| x] 3! 4] 5} 6} 8) rofi1| 12] 13) 15] 16) 17) 18) 20] 21] 23/ 24| 26] 28) 29) 31) 33 
30] of x] 2] 4] 5] 6| 8) rofx41] 12/13) 14] 15] 17) 18] 19] 21| 22) 24) 25] 27] 28) 30] 32 
20 o| 1] 2] 3] 5] 6] 8} ro}x41| 12/13] 14]15] 16] 17| 19] 20] 22] 23) 25] 26) 23) 29) 31 
21 o} x] 2} 3) 4} 6| 7] g|xo] 12/12/13] 14] 15] 17] 18] 19) 20] 22| 23] 25] 26] 28) 29 
22 o} 1] 2! 3] 4| 6] 7] g|xo| ro} rr} 12414] 15] 16] 17] 18) 19/ 21| 22]24! 25| 26! 28 
23 Ql! ci al aah zal Gil GAP BIO) 10| 11/12 13/14] 15] 16]17| 19] 20] 21] 22) 24| 25] 27 
24 Oo} I] 2} 31 4] 5| 6} 8] 9] 9/10/11] 12) 13] 14] 15] 16] 18] 19| 20]21) 23) 24/25 
25 oy x) 2) 3) 4) 5) 6) 7] 8) 9] rolxr| 12/23) 14} 15) 16) 17] 13! 19/20) 22)hega2 
26 Olen 2Iesteal 5) 6h 71 8) oO} ore rr 12) 13) 04555) 16) 7 aso bo miho2 oe 
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TABLE XVI, 


Second Correction of the Lunar Distance. 
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FIRST CORRECTION OF DISTANCE. 
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TABLE XVII. 


or finding the Correction of the Lunar Distance for the Contraction of the Moon’s Semidiamet 
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TABLE XVII. A. Giving the Argument for Table XVII. B. : 
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When the nearest limb is observed, subtract this correction; when the farthest, add. 


TABLE XVIII. 


For finding the Correction of the Lunar Distance for the Contraction of the Sun’s Semidiameter. 


TABLE XVIII. A. Giving the Argument for Table XVIII. B. 
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Whole ARGUMENT = NUMBER FROM TABLE XVIII. A. 
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Subtract this correction from the distance. 
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TABLE XIX. 


For finding the value of W for correcting lunar distances for the compression of the earth. 


TABLE XIX. A. giving Ist Part of IV. TABLE XIX. B. giving 2d Part of WV. 
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SRECTION REQUIRED ON ACCOUNT OF SECOND DIFFERENCES OF THE MOON’S 
[IOTION, IN FINDING THE GREENWICH TIME CORRESPONDING TO A CORRECTED 
UNAR DISTANCE. 
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e Correction is to be added 


to the approximate Greenwich Time when the Proportional Logarithms in the 
meris are decreasing, and subtracted when they are increasing. 
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[The references are to the volume and page.] 


ABERRATION, of a star in the direction of 
the observer’s motion, found, I., 629; 
annual aberration of a star in longi- 
tude and latitude, found, 630; in right 


ascension and declination, 683; Gauss’s. 


tables, 635; of the sun, 638; diurnal 
aberration in right ascension and de- 
clination, found, 638; velocity of light, 
640; planetary, 641; constant of, 689; 
effect upon the angular distance of two 
stars, found, II., 466; effect upon the 
position angle of two stars, 467. Aber- 
ration of lenses, spherical and chro- 
matic, II., 18. 

Avams, I., 555, 584. 

Arry, I., 323; IL., 302, 381. 

Alidade, II., 32; ellipticity of the pivot, 47. 

Almucantars, defined, I., 19. 

Altazimuth, II., 315. 

Altitude, defined, I., 20; parallels of, I., 19. 

Altitude and azimuth as co-ordinates, I., 
18. 

Altitude and azimuth instrument, IJ., 315; 
azimuths observed with, 319; zenith 
distances, 326; correction for defective 
illumination, 333. 

Amict, II., 449. 

Amplitude, defined, I., 20; of a star, 
found when the star is in the horizon, 
L, 38. 

ARGELANDER, I., 93, 132, 
705, 706; II., 381. 

Axis of the heavens, defined, I., 21. 

Azimuth, defined, I, 20; azimuth of a 
star, found from its declination and 
hour angle, and the latitude of the 
observer, 31; found when the star is 
on the six hour circle, 86, when the 
star is at its greatest elongation, 37, 
from its zenith distance, 39. 


141, 159, 646, 


Bacue, I., 324, 342. 
Batty, I., 98, 650. 
Becuer, II., 104. 
Breer, L., 548. 
Berrranp, II., 469. 
Brsszt, I., 85, 87, 92, 93, 96, 97, 181, 182, 
134, 136, 145, 158, 159, 160, 161, 165, 
167, 168, 171, 395, 406, 4389, 448, 456, 
461, 507, 512, 566, 574, 575, 578, 606, 
611, 615, 638, 640, 646, 650, 651, 652, 
655, 662, 665, 668, 693; 694, 697, 698, 
702; II., 35, 50, 59, 61, 148, 144, 171, 
WG S..183, 192° 197, 199.228. 234, 
238, 265, 268, 269, 271, 283, 289, 293, 
294, 295, 296, 301, 302, 304, 307, 309, 
840, 375, 3888, 405, 406, 414, 432, 
449, 450, 453, 469, 489, 


BLOT slee LOO alee: 

BouHNENBERGER, II., 68, 469. 

Bonn, I., 3824; II., 79, 87, 92, 369, 450. 

Borba, 1, 3985 TL h25: 

Boveurr, I., 186, 188; II., 403. 

Bowovirou, [., 153, 180, 269, 276, 306, 307, 
808, 316; IT., 125. 

Bravxey, I., 186, 1388, 160, 161, 167, 665, 
692, 700, 702, 705, 706; II., 489. 

Bruans, L., 136. 

Brunnow, II., 487, 440, 445. 

Burckxnarpt, I., 448, 686. 

Buscu, I., 692, 700, 701. 


Cagnott, I., 286. 

CaiLtet, I., 265, 298. 

Celestial latitude and longitude as co-ordi 
nates, I., 24. 

Celestial sphere, I., 17. 

Chronograph, electro, I., 342 et seq.; IL., 
86 


Chronometers, winding, II., 77; trans- 
porting, 78; correction for temperature, 
79; comparison of, 79, by coincident 
beats, 80; probable error of an inter. 
polated value of a correction, 83. 

Chronometric expeditions, I., 323. 

Circles. See graduated circles, meridiay 
circles, &c. 

Circummeridian altitudes, I., 235 (see 
time); more accurately reduced, 238; 
of the Sun, Gauss’s method, 244; limits 
of the methods, 251. 

Cuark, II., 450. 

Clocks, II., 84; clock correction, I., 193, 
II., 174; rate, L., 198. 

CoppvineTon, IL., 9. 

Corrin, I., 628; II., 296, 297. 

Colures, defined, I., 23. 

Compass, variation of, I., 429. 

Connaissance (La) des Temps, L., 68. 

Constants, astronomical, determined by 
observation, I., 671; constants of refrac- 
tion, 671; of solar parallax, 673; of 
lunar parallax, 680; of aberration, 688, 
689; of nutation, 698; of precession, 701. 

Co-ordinates, rectangular, I., 48, trans- 
formation of, 48; spherical, 18, trans- 
formation of, 27; differential variations 
of, 50. 

Cusps in a solar eclipse, II., 482. 


Damorseau, I., 574. 575, 686. 
Daussy, II., 126, 127. 
Day, sidereal, I., 52, solar, 53. 


| Dean, II., 349, 359. 


Declination, circles of, parallels of, de- 
fined, I., 21; of a star, found from its 
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altitude and azimuth, and the latitude 
of the observer, 27; found from the 
star’s latitude and longitude, and the 
obliquity of the ecliptic, 42; of the sun 
at the time of his transit over a given 
meridian, 71; of the moon or a planet 
at the time of transit over a given me- 
ridian, 73; reduction of, 115; of stars, 
found by transits over the prime ver- 
tical, II., 271; absolute declination of 
the fixed stars, determined, I., 665. 

Declination and hour angle as co-ordi- 
nates, I., 21. 

Declination and right ascension as co- 
ordinates, I., 22. 

DetamsBReE, I., 177, 289, 689, 692. 

Dr Lanes, L., 391. 

Derivatives of a tabulated function, I., 89. 

Dip, of the horizon, I., 172, 178; of the 
sea at a given distance from the ob- 
server, found, 179. 

Douttonp, II., 403. 

Donati, I., 126. 

Dovwes, [., 315, 316. 


Earth, figure and dimensions of, I., 95; 
compression of, 96; eccentricity of the 
meridian, 96; radius found for a given 
latitude, 99; length of normal termi- 
nating in the axis, found for a given 
latitude—distance from the centre to 
the intersection of the normal with the 
axis—radius of curvature of meridian, 
101; reduction of observations to the 
centre, 108. 

Eclipses of Jupiter’s satellites, I., 339. 

Eclipses, solar, prediction for the earth 
generally, I., 486; fundamental equa- 
tions—investigation of the condition of 
beginning or ending of a solar eclipse 
at a given place on the earth’s surface, 
439; position of the axis of the shadow, 
found for any given time, 441; distance 
of a given place of observation from the 
axis of the shadow at a given time, 
found, 444; radius of the shadow found, 
448; outline of moon’s shadow upon 
the earth at a given time, found, 456; 
rising and setting limits, 466; curve of 
maximum in the horizon, 475; northern 
and southern limits, 480; curve of 
central eclipse, 491; duration of total 
or annular eclipse, 493; place where the 
central eclipse occurs at noon, found, 
494; northern and southern limits of 
total or annular eclipse, 498; prediction 
for a given place—time of a given phase 
computed, 505; instant of maximum 
obscuration, and degree of obscuration, 
found, 508; method of the American 
Ephemeris, 512; correction for refrac- 
tion, 515; reduction to the sea level, 
517; longitude of a place found from 
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the observation of a solar eclipse, 518; 
longitude corrected, 521; observations 
upon the sun’s cusps, IL, 482; lunar, 
I., 542. See Occultations. 

Eeliptic, defined, I., 22; obliquity of, de- 
fined, 28, found, 659. 

Evurs, IT., 194, 196. 

Emory, L., 339. 

Enoxe, I., 91, 96, 100, 448, 598, 640; IL., 
469, 475. 

Ephemeris, American, French, German, I., 
68; Puirce’s method of correcting, 358. 

Equation of time, I., 54, 71; of equal al- 
titudes, 200; personal equation, II., 189. 

Equator, celestial, defined, I., 21. 

Equatorial telescope, II., 367; general 
theory of, 870; instrumental declination 
and hour angle of an observed point, 
found, 371; flexure, 373; instrumental 
declination and hour angle, reduced to 
the celestial declination and hour angle, 
375; adjustment of, 379. 

Equinoctial, defined, I., 21; points, de- 
fined, 23; determined, 665. 

Equinoxes, defined, I., 23. 

Errtet, I1., 132, 315, 316, 329. 


Fereuson, L., 126. 

Fixed stars, proper motion of, I. 620; 
heliocentric or annual parallax of, de- 
fined, 643, found in longitude and 
latitude, 644, found in right ascension 
and declination, 645; mean and appa- 
rent places of, 645. 

FRANKLIN, Sir Joun, I., 583. 

FraunuHorer, II., 367, 368. 


Gatioway, I., 706. 

GAMBEY, II., 125. 

Gauss, I., 81, 34, 199, 244, 246, 282, 286, 
300, 339, 627, 628, 6385, 648, 674, 705; 
II., 23, 66, 148, 469. 

Gay Lussac, I., 143. 

Geocentric place, L., 103. 

Geruine, I., 679; II., 469. 

Giuuiss, I., 352, 680. 

Gorrzr, I1., 9. 

Goutp, I., 342, 344, 346, 850, 680; I1., 
304. 

Graduated circles, II., 29; eccentricity of. 
37, 39; periodic functions, 42; errors 
of graduation, 51. 


Hanptey, II., 92. 

Haurey, II., 181. 

Hansen, I., 85, 182, 489, 475, 686; —— 
IT., 59, 144, 171, 174, 218, 216, 219, 220, 
249, 251, 257, 304, 407, 469. 

Heliometer, II., 403; general theory of, 
407; determination of constants of, 423. 

Henperson, I., 686, 706. 

Herscuet, I., 698, 694, 708, 705; IL., 9, 
Pale, WAG) 
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Hipparcuus, I., 686, 

Horizon, defined, I., 18; dip of, defined, 
172; dip found, 173; distance of, at sea, 
found, 178. 

Hour angle, defined, I., 21; numerical 
expression of, 27; of a star, found from 
its altitude and azimuth, and the lati- 
tude of the observer, 27; found when 
the star is at its greatest elongation, 37; 
when the star is on the prime vertical 
of a given place, 37; when the star is 
in the horizon, 38; from its zenith dis- 
tance, 39; found at a given time, 64. 

Hour circles, defined, I., 21. 

Hupparp, I., 628, 651. 

Hotusss, I., 211. 


Interpolation, simple, I., 69; by second 
differences, 73; by differences of any 
order, 79; Brssnt’s formula, 85; into 
the middle, 87; formula arranged ac- 
cording to the powers of the fractional 
part of the argument, 89. 


Jahrbuch, Berliner Astronomisches, I., 68. 
Jounson, I., 706. 
Jupiter’s satellites, eclipses of, I., 339. 


Katser, I., 391. 
Kang, I[., 583. 
Kerru, [., 628. 
Kenpa.t, I., 352. 
Kepter, I., 592, 6738. 
Kesseu, II., 235, 268. 
Knorre, [I., 102. 
Kramp, I., 1538, 158. 


Lacaiuye, I., 686, 706. 

Lagrange, I., 148, 593, 506. 

LaLANDE, J., 98, 428. 

Lambert, I., 542. 

Lapxace, I., 148, 153, 156, 169; II., 469. 

Latitude, celestial—circles of—parallels 
of, I., 24; geographical, 25; of a star, 
found from its declination and right 
ascension, and the obliquity of the 
ecliptic, 39; reduction of, for the com- 


pression of the earth, 97; distinction | 
“between geodetic and astronomical, 103; | 


astronomical latitude found by meridian 
altitudes, or zenith distances, 223; by 
a single altitude at a given time, 229; 


by reduction to the meridian when the | 


time is given, 233; by circummeridian 
altitudes, 235; by the pole star, 253; 
by two altitudes of the same star, or 
different stars, and the elapsed time 
between the observations, 257; by two 
altitudes of the sun, 266; by two equal 
altitudes of the same star, or of the 
sun, 270; by two altitudes of the same 
or different stars, with the difference of 
their azimuths, 277; by two different 


stars observed at the same altitude 
when the time is given, 277: by three 
or more different stars observed at the 
same altitude when the time is not 
given, 280; by Cacno.i’s formule, 286; 
by the transits of stars over vertical 
circles, 293; by altitudes near the me- 
ridian when the time is not known, 296, 
by the rate of change of altitudes near 
the prime vertical, 303; found aT spa, 
by meridian altitudes, 304; by reduc- 
tion to the meridian when the time is 
given—by two altitudes near the me- 
ridian when the time is not known, 307; 
by three altitudes near the meridian 
when the time is not known, 3809; by a 
single altitude at a given time, 310; by 
the change of altitude near the prime 
vertical—by the pole star, 311; by two 
altitudes with the elapsed time, 313; 
Douwss’s method of ‘‘double altitudes,” 
315; determined by a transit instru- 
ment in the prime vertical, ITI., 238, 242, 
252, 254, 260, 265; by TaLcort’s method, 
342. 

Least squares, method of, Apprnprx, IL., 
469. 

LEGENDRE, IT., 469. 

Level, II., 70; value of a division found— 
radius of curvature—effects of changes 
of temperature, 75; radius of curva- 
ture of different parts of the tube, 76; 
level constant, 153. 

Le Verrier, I., 578, 601. 

Lraaee, II., 469. 

Lizevsson, I., 388; II., 79. 

Light, velocity of, I., 640. 

LinpEenav, I., 692; II., 469. 

Litrrow, I., 300, 302; II., 9 

iDicep ay Mle Sb 

Locks, II., 89. 

Longitude, celestial, defined, I., 24; of a 

tar, found from its declination and 

right ascension, and the obliquity of 
the ecliptic, 39; terrestrial longitude, 
found by astronomical observations— 
by portable chronometers, 317; by ter- 
restrial signals, 337; by celestial sig- 
nals, 339; by the electric telegraph, 
341; by moon culminations, 350; by 
azimuths of the moon, or transits of the 
moon and a star over the same vertical 
circle, 871; by altitudes of the moon, 
382; by lunar distances, 893; by an 
eclipse of the sun, 518; by occultations, 
550; terrestrial longitude found aT sEa, 
by chronometers, 420; by lunar dis- 
tances, 422; by the eclipses of Jupiter’s 
satellites—by the moon’s altitude, 423; 
by the occultations of stars by the 
moon, 424; by the observed contact of 
the moon’s limb with the limb of a 
planet, 578. 
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Lunar distance, found at a given time, L., 
75; longitude found by, 593. 

Lunpant, I., 693, 701, 706. 

Lymay, IL., 366. 


Mivuer, I., 370, 542, 548, 606, 708, 706. 

Mauer, II., 367. 

Martins, II., 106, 119, 127, 1380. 

Mayer, I., 542; II., 145. 

Measurement of angles, II., 29. 

Meridian, celestial, defined, I., 19. 

Meridian circle, II., 282; reduction to 
the meridian, 289; observation by re- 
flection, 298; flexure, 302; observations 
of the declination of the moon, 304; 
declination of a planet, or the sun, 309; 
correction of the observed declination 
of a planet’s or the moon’s limb for 
spheroidal figure and defective illumi- 
nation, 310. 

Meridian line, defined, I., 19; direction 
found by the meridian passage of a star, 
by shadows, 429; by single altitudes of 
a star, 430; by equal altitudes of a star, 
431; by the angular distance of the 
sun from any terrestrial object, 482; by 
two measures of the distance of the sun 
from a terrestrial object, 434; by the 
azimuth of a star at a given time, 434; 
by the greatest elongation of a circum- 
polar star, 434. 

Meridian mark, II., 187. 

Merz, II., 367. 

Micrometer, filar, II., 59, 891; value of a 
revolution, found, 60, 360; effect of 
temperature upon the value of a revolu- 
tion, 68; position micrometer, 69; ring 
micrometer, 436; other micrometers, 449. 

Micrometric observations — filar microm- 
eter—distance and position angle of 
two stars, found, II., 391; correction 
of the observed position angle for errors 
of the equatorial instrument, 392; ap- 
parent difference of right ascension and 
declination of two stars, found, 397; 
correction for refraction, 450; correc- 
tion for precession, nutation, and aber- 
ration, 465. 

Microscope, reading, II., 33; error of 
runs, 35. 

Mircust, II., 87. 

Moou culminations, I., 350. 

Morsg, II., 86, 87. 

Mural circle, IT., 282. 


Nadir, defined, I., 19; point, II., 285. 
Nautical Almanac, British, I., 68. 
Newroy, II., 92. 

Nicotat, I., 364, 627, 635. 

Nonagesimal, I., 25. 

Nontvs, II., 80. 

Noon, apparent, mean, I., 53. 

Nutation, I., 624; in right ascension and 


Obliquity of the ecliptic. 
Occultations, of fixed stars by the moon, L., 


| 


INDEX. 


declination for a given star at a given 
time, found, 625; general tables for, 
explained, 626; constant of, 624, 698: 
effect upon the position angle ot two 
stars, found, II., 467. 


See ecliptic, 


549; longitude found by, 550, 578; pre- 
diction for a given place, 557; limiting 
parallels of latitude found, 561; of 
planets, 565; form of a planet’s disc, 
566; curve of illumination of a planet’s 
surface, found, 569; of Jupiter, 575, 
Saturn, Saturn’s Ring, Mars, Venus, 
and Mercury, 576, Neptune, Uranus, 
5838; of fixed stars by a planet, 601; 
of Jupiter’s satellites, 340. 


Ousers, I., 107; II., 16. 
OxuursEn, I., 686. 
OupEMANS, I., 391, 448, 551, 555. 


Paps, I., 601. 
Parallactic angle, defined, ¥., 80; of a star 


on the prime vertical of a given place, 
found, 37; found from a star’s zenith 
distance, 39. 


Parallax, defined, I., 104; found in alti- 


tude or zenith distance, the earth re- 
garded as a sphere, 105; of a star, in 
zenith distance and azimuth, when the 
geocentric zenith distance and azimuth 
are given and the earth is regarded as 
a spheroid, 107; of a star in zenith dis- 
tance and azimuth, when the apparent 
zenith distance and azimuth are given, 
the earth regarded as a spheroid, 112; 
reduced, reduction of, 118; of the 
planets or the sun, 118; in zenith dis- 
tance, for the point in which the normal 
meets the earth’s axis, 116; in zenith 
distance for the same point, when the 
apparent zenith, distance is given, 118; 
of a star in right ascension and declina- 
tion when its geocentric right ascension 
and declination are given, 119; of a 
star in right ascension and declination, 
when its observed right ascension and 
declination are given, 123; in latitude 
and longitude, 126; solar, constant of, 
675; of a mlanet, or the sun, found by 
meridian observations, 674; of the sun, 
found by extra-meridian observations 
of a planet, 677; lunar, constant of, 
680: of a fixed star, found by micro- 
metric measures, 693. 


Parson, II., 9, 450. 
Perron, I., 148, 347, 351, 358, 861, 362, 


366, 369, 578; IL., 193, 202. 207, 256, 
261, 357, 469, 490. 


Periodic functions, II., 42. 
Personal equation, II., 189; personal 


scale, 193. 


INDEX. 


Prrgrs, C. A. F., 1., 606, 624, 625, 626, 
$27, 650, 651, 652, 662, 665, 693, 698, 
699, 701; II., 59, 318, 319, 497. 

Prerersen, I., 256, 601; Il., 440. 

Prazzt, I., 94, 702. 

Pistor, If., 106, 119, 127, 180. 

Planets, occultations of, I., 565. 

Plumb line, abnormal deviations of, L., 
102. 

Poisson, II., 469. 

Polar distance, defined, I., 22. 

Portable transit instrument (see transit 
instrument) as a zenith telescope, II., 
366. 

Porrsr, II., 9. 

Precession, luni-solar, planetary, I., 604; 
change in the obliquity of the ecliptic, 
605; general precession in longitude, 
and the position of the mean ecliptic, 
found, 605; in longitude and latitude 
of a given star, from the epoch 1800, 
found, 608; between any two given 
dates, 610; annual precession in longi- 
tude for a given date, 611; in right 
ascension and declination, between any 
two given dates, 613; annual precession 
in right ascension and declination, 616; 
position of the pole of the equator at a 
given time, found, 618; constant of, 701; 
effect upon the position angle of two 
stars, found, II., 467. 

Precuret, Ii., 9. 

Prime vertical, defined, I., 19. 

Prismatic circle, II., 127. 

Proper motion of the fixed stars, I., 620; 
reduced from one epoch to another, 
621; on a great circle, 623. 

Proportional logarithms, I., 75. 

Puissant, I., 217, 250. 


Ramspen, II., 23, 449. 

Raper, I., 422, 305; II., 104. 

Reduction of a planet’s place, I., 657. 

Reduction to the meridian for circum- 
meridian altitudes, I., 235, 238; for 
meridian circle observations, IL., 289. 

Refraction, general laws of, I., 127; as- 
tronomical, 128; tables of, explained, 

180, 169; formula investigated, 134; 
differential equation of, 186; Srmpson’s 
or Bovuaguer’s formula, Brapiery’s, 
188; first hypothesis, 186; second hy- 
pothesis, 143; of astarin right ascension 
and declination, found, 171; constants 
of, determined, 671; effect in transit 
observations, IJ., 186. 

ReGnavtt, I., 141, 143, 160, 161. 

Repeating circle, II., 119. 

Repso.p, II., 157, 272, 288, 303. 

Right ascension, defined, I., 23; of a star, 
found from the star’s hour angle, 39, 
from its Jatitude and longitude, and the 
obliquity of the ecliptic, 42; of the sun 
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at the time of his transit over a given 
meridian, 71; of the moon or a planet 
at the time of transit over a given me- 
ridian, 73; of the fixed stars, deduced 
from transits. II., 175; of the moon, 
deduced from an observed transit, 214. 
Determination of the absolute R. A. of 
fixed stars. I., 665. 

Ring micrometer, II., 486; correction for 
curvature, 438; correction for the proper 
motion of one of the objects, 441; 
radius of the ring, found, 445; correc- 
tion for refraction, 461. 

Ritrennouss, I1., 66, 187. 

Rocuon, II., 449. 

Rupserg, I., 1438, 160. 

Rumxer, L., 98. 


Sarrorp, I., 512. 

Santin1, I., 94. 

Sawitscn, II., 9, 212, 221, 264. 

Saxton, II., 87, 91. 

Scuorr, I., 583. 

Scuumacuer, I., 34, 256, 627, 635; IL., 
130. 

Semidiameters of celestial bodies, I., 180; 
augmentation of, 183; contraction of 
the vertical semidiameter of the sun or 
moon, produced by refraction, found, 
184; contraction of any inclined semi- 
diameter, produced by refraction, 186; 
contraction of horizontal, 187; planets’ 
mean, 687. 

Sextant, II, 92; adjustments, 95, 96; 
index correction, by a star, by the sun, 
98; method of observation, 99; altitude 
from artificial horizon, 101, from the 
sea horizon, 103; equal altitudes, 104; 
how to examine the colored glasses, 
106; parallax, 107; errors of the index 
glass, 108; error of the sight line, 112; 
eccentricity, 117. 

Simpson, I., 188. 

Six hour circle, defined, I., 26. 

Solstices, defined, I., 23. 

Spherical astronomy, defined, I., 18. 

Star catalogues, I., 91. 

STEINHEIL, II., 132, 234, 268. 


Srruve, I., 93, 324, 326, 328, 329, 331, 
332, 575, 578, 606, 632, 640, 692, 706, 
707; II., 84, 157, 192, 262, 272, 275, 


282, 283, 318, 367, 881, 385, 450. 

Sumner’s method of finding a ship’s place 
at sea, I., 424. 

Sun, right ascension of, I., 71; meridian 
zenith distances of, 228; mean motion 
of, 652; epoch of mean longitude of, 
653; motion in space, 703; observations 
upon the cusps in a solar eclipse, I1., 
432. 


Taxcorr, I., 226; II., 340, 366, 367; his 
method of finding the latitude, 342. 


632 


Telescope, I., 9; magnifying power, 12; 
field of view, 14; brightness of images, 
and intensity of their light, 15; spher- 
ical and chromatic aberration, 18; 
achromatic eye pieces, 20; diagonal 
eye pieces, 22; magnifying power 
measured, first method, 22; second 
method, 23; third method, 25; fourth 
method, 26; reflecting, 27; finding, 28; 
zenith, II., 340; equatorial, 267. 

Time, apparent, mean, sidereal, solar, ie 
58; civil, astronomical, 54; conversions 
of, 54, 57, 59, 60, 62, 655; local mean, 
found, 65; equation of, 54, 71; local, 
Greenwich, defined, 55; Greenwich, 
corresponding to a given right ascen- 
sion of the moon on a given day, found, 
75; corresponding to a given lunar 
distance on a given day, found, 77; 
found by astronomical observations, 
193; by transits, 196; by equal altitudes 
of a star, 196; by equal altitudes of the 
sun before and after noon, 198, before 
and after midnight, 201; correction for 
small inequalities in the altitudes, 202; 
probable error of observation of equal 
altitudes, 205; found by a single alti- 
tude, or zenith distance, 206; mean of 
times reduced to mean of zenith dis- 
tances, 215; found by the disappear- 
ance of a star behind a terrestrial 
object, 217; true and apparent rising 
or setting of a star—beginning and 
ending of twilight, 218; found aT sna, 
by a single aititude, 219; by equal 
altitudes, 220; found with a portable 
transit instrument in the meridian, II., 
200, out of the meridian, 215, 

Transit, I., 52; time of the moon’s or a 
planet’s transit over a given meridian, 
found, 72. 

Transit circle, II., 282. 

Transit instrument, II., 131; method of 
observation, 138; general formule, 
139; in the meridian, 140; thread in- 
tervals, 146; reduction to the middle 
thread, 149; reduction to the mean of 
the threads, 151; level constant, 153; 
inequality of pivots, 155; collimation 
constant, 160; azimuth constant, 169; 
portable, in the meridian, 200; in any 
vertical plane, 209, adaptation as a 
zenith telescope, IIL., 366. 

Transit instrument in the prime vertical ; 
geographical latitude determined, IT., 
238, 242, 260, 252, 254, 265; adjustment 
in the prime vertical, 239; correction 
for inclination of the axis, 241; declina- 
tions determined, 271. 
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INDEX. 


Transits, of the moon, II., 176: of the sux 
or a planet, 182; correction of the 
transit when the planet’s defective limb 
has been observed, 185; effect of re- 
fraction, 186; probable error of observa. 
tion, 194; of Jupiter’s satellites over 
the planet’s disc, and of shadows of the 
satellites, I., 840; of Venus and Mer. 
cury over the sun’s disc, 591. 

TroucurTon, II., 119, 127. 

Twilight, time of beginning and ending 
I., 218. 

Twinina, I., 602. 


Vauz, II., 25. 

MEGA, lacus 

Vernier, II., 30. 

Vernier, Peter, II., 30. 

Vertical circles, lines, and planes, defined, 
Tato: 


Waker, I., 842, 355, 364; IIL, 398, 402 
Waxnstorrr, I., 24, 256, 627, 635. 
Wrissg, I., 93. 

Wicumanny, II., 4386. 

Wourers, I., 98, 652. 

Wricut, [., 504. 

Wurpemany, I., 344; IL., 136. 


Year, length of, I., 652; fictitious, 651; 
beginning of fictitious, found, 654. * 


Zacu, I., 302. 

Zuon, I., 938, 211, 652: 

Zenith, defined, I., 19. 

Zenith distance, defined, I., 20; of a star, 
found from its declination and hour 
angle, and the latitude of the observer, 
81; found when the star is on the six 
hour circle, 36; found when the star is 
at its greatest elongation, 387; found 
when the star is on the prime vertical, 
87; reduction of observed zenith dis- 
tances to the centre of the earth, 189; 
change of, in a given interval of time, 
213; mean of the zenith distances re- 
duced to the mean of the times, 214; 
of the sun, 228 (see II., 326). 

Zenith telescope, II., 340; correction for 
refraction, 344, for level, for micro- 
meter, 346; reduction to the meridian, 
selection of stars, 347; discussion of 
the results, 8350; value of a division of 
the level, 358; value of a revolution of 
the micrometer, 360; extra-meridian 
observations for latitude, 364. 
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